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Zusammenfassung (Summary in German)
Während der Energieverbrauch in Europa und den USA nur noch langsam wächst, steigt
der Verbrauch in Schwellenländern wie China, Indien und Afrika stark an. Dabei steigt
pro Jahr der Primärenergieverbrauch der gesamten Erdbevölkerung durchschnittlich um
1.8%. Bis 2040 wird also ein Primärenergieanstieg von 40% erwartet. Auf der anderen
Seite, führen die hohen Umweltbelastungen durch den CO2 Ausstoß der Automobile
sowie ein erhöhtes Umweltbewusstsein bezüglich des Klimawandels zu immer größerem
Interesse an Elektromobilität und alternativer Energiegewinnung. Aufgrund dessen, wird
der Strombedarf voraussichtlich stärker wachsen als der Primärenergiebedarf. Während
die CO2 neutralen Atomkraftwerke erhebliche Probleme mit nuklearem Abfall und End-
lagerung haben, ist die Kernfusion von der kommerziellen Nutzung noch 30-50 Jahre
entfernt. Aufgrund dessen ist die Nachfrage nach erneuerbaren Energien in den letzten
Jahren weiter gestiegen und wird auch in den nächsten Jahren steigen müssen, um den
Energiebedarf nachhaltig decken zu können. Auch die Entwicklung im Bereich der Satel-
liten (Hochleistungs-Satelliten und steigende Zahl von Kleinsatelliten) führt zu höherem
Strombedarf im Weltall und dementsprechend zu einem erhöhten Bedarf an Stromquellen
mit hohen Leistungsdichten.
All die oben genannten Probleme und Herausforderungen können mithilfe von hocheffizien-
ten Solarzellen gelöst werden. Ein Ansatz für solche ist eine Mehrschichtsolarzelle, die
aus vier unterschiedlichen, übereinander gewachsenen Materialien besteht. Während das
Wachstum drei dieser Materialien gut kontrolliert werden kann (GaAs, (Ga50%In50%)P
und Ge), sind die bei der Herstellung der nötigen 1 eV Schicht in MOVPE entstehenden
Probleme noch nicht gelöst. Hier schließt die vorliegende Arbeit an und stellt einige
Lösungsansätze für diese Probleme vor.
Diese Arbeit behandelt den gesamten Zyklus von der Synthese über die Untersuchung der
Präkursoren beim Wachstum unterschiedlicher Halbleiter wie Ga(NAs), (GaIn)(NAs) und
Ga(NAsSb) bis hin zur Herstellung von Solarzellen auf Basis des erworbenen Wissens.
Zu Beginn wurde ein neuer Präkursor, das DTBAA, im Vergleich zum etablierten Präkursor
(UDMHy) beim Ga(NAs) Wachstum untersucht. Hierbei wurde festgestellt, dass die N
Einbaueffizienz bei DTBAA um einen Faktor von 15 - 20 höher ist als beim UDMHy.
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Weiterführende Experimente mit (GaIn)(NAs) zeigten auch hier eine 60 - 80 mal höhere N
Einbaueffizienz im Vergleich zu UDMHy. Dieses Verhalten ist darauf zurückzuführen, dass
der N Einbau im (GaIn)(NAs), welches mit UDMHy hergestellt wurde, extrem reduziert
wird, wenn zusätzliches TMIn angeboten wird. Dieses Verhalten wurde in Verbindung mit
DTBAA nicht beobachtet.
Der DTBAA Präkursor wurde im Verlauf dieser Arbeit sechs mal hergestellt, mit jeder
Herstellung wurde eine Verbesserung der Präkursorqualität angestrebt. Aufgrund dessen
wurde mit jedem neuen DTBAA Präkursor eine O und C Untersuchung an Ga(NAs) und
(GaIn)(NAs) Strukturen durchgeführt. Diese zeigte eine deutliche Reduzierung des O
Gehalts, während nur eine geringe Änderung des C Gehalts beobachtet wurde. Gleichzeitig
wurde TMIn als eine Quelle für C Einbau identifiziert, da der C Gehalt sich vom Ga(NAs)
zu (GaIn)(NAs) um den Faktor zwei erhöhte.
Es wurden daher weiterführende Experimente, mit dem Ziel den C Einbau zu reduzieren,
durchgeführt. Hierzu wurde zum DTBAA gewachsenen (GaIn)(NAs) zusätzliches TBAs
hinzugeführt, um mittels eines erhöhten V/III Verhältnisses den C Einbau zu reduzieren.
Im Folgenden wurde der als C Quelle identifizierte TMIn Präkursor durch TIPIn, eine
alternative In Quelle, substituiert. Beides führte zu einer C Reduktion in DTBAA
gewachsenen (GaIn)(NAs) Schichten.
In (GaIn)(NAs) Schichten, die mit UDMHy hergestellt wurden, ist die Höhe des C Einbaus
weiterhin ein Problem, welches die Qualität des Solarzellen-Materials reduziert. Dies-
bezüglich wurden Experimente mit zusätzlichem TMSb durchgeführt. In diesem Fall
wurde TMSb als sogenannter surfactant verwendet, um den C Einbau zu reduzieren.
Entgegen den Erwartungen wurde kein positiver Effekt des TMSbs auf den C Einbau
beobachtet. Vielmehr wurde die Herstellung vom (GaIn)(NAs) Material noch schwieriger,
da das zusätzliche TMSb den N Einbau stärker reduziert als bereits für TMIn beobachtet.
Ein weiteres Material, welches mittels DTBAA hergestellt wurde, ist das Ga(NAsSb).
Dieses Material wird als eine mögliche Alternative zu einer 1 eV (GaIn)(NAs) Schicht
gitterangepasst auf GaAs diskutiert, konnte jedoch bis zur vorliegenden Arbeit nicht mit
konventionellen Präkursoren mittels MOVPE hergestellt werden. In DTBAA gewachsenem
Ga(NAsSb) wurde eine Reduktion des N Einbaus festgestellt, die jedoch um Größenord-
nungen niedriger war als in Verbindung mit UDMHy. Aufgrund dessen konnte zum
ersten Mal eine 1 eV Ga(NAsSb) Schicht gitterangepasst auf GaAs hergestellt werden.
Leider zeigten die SIMS Untersuchungen einen hohen O Einbau, der die Qualität der
optoelektrischen Eigenschaften des Halbleiters reduzierte. Weitere Experimente müssen
mit einem gut aufgereinigten Präkurser folgen, um das Potential des Ga(NAsSb) Materials
mit (GaIn)(NAs) vergleichen zu können.
Mit dem in dieser Arbeit erzielten Ergebnissen wurden fünf unterschiedliche Solarzellen
hergestellt, zwei basierend auf UDMHy und drei auf DTBAA. Dabei wurde festgestellt,
vii
dass mit UDMHy hergestellte Solarzellen stets die besseren Charakteristika aufwiesen.
Das ist darauf zurückzuführen, dass der O Einbau in den DTBAA basierten Solarzellen um
Größenordnungen höher ist. Innerhalb der mittels DTBAA hergestellten Solarzellen führte
der reduzierte C Einbau nur zu geringfügigen Veränderungen, da die Materialqualität
aufgrund des vorhandenen O stark leidet.
Durch die Simulation der EQE konnte die aktive Schichtdicke sowie Diffusionslänge
der Minoritätsladungsträger abgeschätzt werden. Hierzu wurden die besten Solarzellen,
eine basierend auf UDMHy und die andere basierend auf DTBAA, ausgewählt und
gegenübergestellt. Dabei wurde festgestellt, dass die UDMHy Solarzelle einen aktiven
Bereich von ca. 400 nm und eine Diffusionslänge von ca. 300 nm aufweist. Im Vergleich
dazu weist die mittels DTBAA hergestellte Solarzelle eine aktive Dicke von nur 180 nm
und eine Diffusionslänge von nur 60 nm auf.
Experimente mit TIPIn anstelle von TMIn zeigten, dass die VOC der damit hergestellten
(GaIn)(NAs) Solarzellen erhöht werden kann. Gleichzeitig wurde eine Reduktion der
Stromdichte beobachtet. Diese kann jedoch mit dem fluktuierenden In Gehalt, der mit
TIPIn beobachtet wurde, erklärt werden.
Die Ergebnisse dieser Arbeit zeigen, dass der DTBAA Präkursor ein hohes Potential hat
die Qualität des (GaIn)(NAs) Wachstums zu verbessern und den etablierten Präkursor
UDMHy zu ersetzten. Für einen großflächigen Einsatz von DTBAA muss zunächst der
O Einbau durch den Präkursor um zwei bis drei Größenordnungen reduziert werden. In
Kombination mit TIPIn und TBAs kann ein sehr niedriger C Einbau realisiert werden. In
diesem Fall müsste die Ursache der In Fluktuation evaluiert und behoben werden.
Das Ga(NAsSb), eine Alternative zu (GaIn)(NAs), wurde erstmals in der MOVPE durch
DTBAA ermöglicht. Weitere Experimente mit diesem Material sowie die Herstellung von
Ga(NAsSb) und (GaIn)(NAsSb) Solarzellen müssen in Zukunft mit hochreinem DTBAA
durchgeführt werden, um das Potential des Präkursors auszuschöpfen und einen realen
Vergleich zu etablierten (GaIn)(NAs) Solarzellen zu ermöglichen.
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CHAPTER 1
Introduction
The energy consumption of the earth’s population is greatly increasing1. While the
energy use in MWh/capita value is around 40 in the EU and 80 in the USA, China
(18MWh/capita), India (6MWh/capita) and Africa (7MWh/capita) still have a lower
energy consumption2. Given that around half of the world’s population is based in these
latter three areas and that the economic growth in China and India in particular is very
rapid, the need for higher energy will grow significantly in the future. The average growth
of global primary energy consumption over a ten year period is 1.8%3. Consequently, the
demand for primary energy is expected to increase worldwide by around 40% until 2040.
At the same time, climate change as well as air pollution in cities are becoming more
dramatic due to fossil fuels. The development in the automotive industry towards electric
cars will increase the demand for electricity even more. All these developments urge for
environmentally sustainable energy sources. Nuklear energy, as a CO2 neutral energy
supply has major drawbacks: nuclear waste disposal, which needs to be storaged costly,
and no deep geological repository has been found as of today. The potentially less harmful
fusion reactor is still 30 - 50 years away from commercial use4,5. Therefore, a sustainable
energy supply must be developed on the basis of renewable energies like wind power,
hydropower, bio energy and solar energy.
Additionally, development in the satellite industry, especially research satellites as well as
the Mars expeditions, demand an energy source with a high energy production to weight
ratio.
Hence, the development of commercially competitive solar cells with conversion efficiencies
of around 50% would address the environmental sustainability issues as well as the
extraterrestrial energy supply issue. One approach is the fabrication of a four junction
solar cell consisting of 0.7, 1, 1.42 and 1.85 eV materials6. Gallium indium nitride arsenide
((GaIn)(NAs)) as well as gallium nitride arsenide antimonide (Ga(NAsSb)) are the two
materials discussed as a 1 eV material. So far, no sophisticated solar cell growth process
was achieved with metalorganic vapor phase epitaxy (MOVPE), as precursor induced
interactions and incorporation of parasitic atoms deteriorate the (GaIn)(NAs) as well
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as Ga(NAsSb) material quality. The nitrogen (N) incorporation in (GaIn)(NAs) was
observed to decrease by 75% in comparison with gallium nitride arsenide (Ga(NAs)) when
alloyed with 8% indium (In)7. The N incorporation decrease is even more dramatic when
alloying Ga(NAs) with antimony (Sb). This is the reason why no 1 eV Ga(NAsSb) material
was realized by MOVPE as of yet. Therefore, novel precursors, namely di-tertiary-butyl
arsano amine (DTBAA) and di-tertiary-butyl antimony tertiary-butyl amine (DTBSbTBA)
were synthesized by the chemistry department of the Philipps-Universität, Marburg and
investigated in this work to evaluate the potential for dilute N growth.
This thesis is structured as follows: the precursor synthesis and fundamentals of the
materials and solar cells will be described in Section 2. In Section 3 the experimental
investigation methods and solar cell investigation procedure will be discussed. The results
of this work will focus on the 1 eV material (GaIn)(NAs) and will also discuss the growth
of Ga(NAsSb) material. The growth of Ga(NAs) with DTBAA will be presented in Sec-
tion 4.1, followed by the (GaIn)(NAs) growth in Section 4.2. Here, several approaches will
be discussed: DTBAA grown (GaIn)(NAs), (GaIn)(NAs) growth with Sb as a surfactant
and tri-iso-propyl indium (TIPIn) for carbon (C) incorporation reduction. Section 4.3
focuses on Ga(NAsSb) grown with either DTBAA or DTBSbTBA. Finally, solar cell
results will be discussed in Section 5.
As this work is written in a cumulative form the published data will be summarized only.
Corresponding sections are marked with an asterisk (*). Unpublished data is presented in
more detail.
CHAPTER 2
Novel Precursors and Investigated Materials
Chapter 2 will give an overview of the investigated materials and explain the demand for
novel precursors, which have been investigated in this work.
2.1 Synthesis of Novel Precursors
The most recent important innovation in precursor development for III/V semiconductor
growth was the invention of tertiary-butyl arsine (tBuAsH2, TBAs) in 19878. This
precursor step by step substitutes arsine (AsH3). TBAs is not only less toxic9–11, but it
also decomposes at growth temperatures below 650 ˝C,12–14 enabling arsenic (As) based
low temperature MOVPE.
Challenging materials like dilute nitrides require special growth conditions such as low
temperatures going along with low intrinsic doping densities as well as high growth rates
for commercial use. Commercial precursors do not always meet the demands for these
specific growth conditions. The substitution of ammonia (NH3) by 1,1-dimethylhydrazine
(H2NN(CH3)2, UDMHy) shifted the investigation focus on N related problems, such as
unintentional C incorporation and low N incorporation efficiency. Only small progress
was achieved in this field as of yet. A further development in the search for a solution
for N related problems is the invention of novel N precursors. In the past, several
precursors like hydrazine, tertiary-butyl amine, n-Butyl amine, di-isobutyl amine, allyl
amine, cyclopentyl amine, aniline, benzyl amine, nitrogen trifluoride were investigated.
However, no advantages in comparison with the established N precursor was found12,13,15–20.
Tertiary-butyl hydrazine (tBuNHNH2, TBHy), which has an N incorporation efficiency
five times higher than UDMHy7, is discussed as a potential N precursor. Unfortunately
the purity requirements have not been fullfilled so far17. Therefore, novel and innovative
precursors for III/V materials are still of great interest, as the choice of the precursor
strongly affects the growth characteristics and ultimately the material quality21.
The novel precursors should be liquid and show a sufficient vapor pressure, which should
optimally be higher than 10mbar for group V and higher than 1mbar for group III ele-
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2.2 Fundamentals of Investigated Materials
In this section, an overview of the investigated materials will be given. Firstly, the physical
background will be discussed in order to explain fundamentals, which are required for
a detailed understanding of the following sections. Further sections will introduce each
material system individually, beginning with the host material gallium arsenide (GaAs) and
subsequently discussing the effects of the incorporation of In, N and Sb into the host matrix.
All materials investigated in this thesis are of a crystallin zinc blende structure. This
structure consists of two face centered cubic (fcc) crystals shifted by p1
4
,1
4
,1
4
q of the lattice
constant in respect to each other37–39. Each of these fcc structures is occupied either by a
group III or a group V atom. In contrast to the energy states in a single atom, the energy
levels around the valence electrons in a periodically arranged crystal are not discrete. The
periodicity of the atoms in combination with valence electron interaction due to small
distance leads to a splitting of the discrete energy levels and therefore to the formation
of a quasi continuous band of energy states. These so-called energy bands are one of the
main characteristic of crystals37–39. The highest band which is occupied by electrons at
T = 0 ˝C is called the valence band (based on valence electron), whereas the subsequent
band is referred to as the conduction band. The configuration of these two bands defines
the optical and electrical properties of a crystal. The energy gap between the valence and
conduction band is referred to as band gap. An other important value for describing a
semiconductor is the Fermi Level37–39 (EFermi). It is defined by the energy up to which all
energy states are filled at T “ 0K. Hereby, Fermi Dirac statistics40,41 describe the energy
distribution dependent on temperature, taking into account the density of states. In a
perfect crystal, no energy states are available between the bands. Nevertheless, crystal
defects and impurities (e.g. O, C) result in localized energy states within the band gap.
Consequently, the EFermi as well as the material properties are changed.
Materials with a fully filled valence band and an empty conduction band are either
semiconductors (Egap À 4 eV ) or insulators (Egap Á 4 eV ). If the valence band is
not fully filled or the conduction band overlaps with the valence band, the material is
considered to be a metal.
The left part of Figure 2.2 shows an overview of the band gap in real space with some
doping and defect energy states. A shallow defect level is located in close proximity to
the band gap edges and strongly affects the semiconductor electron and hole transport
properties. This effect is used to tailor the electrical properties of semiconductors and is
referred to as doping. When substituting an atom with an atom of higher valency, the
excess electron has only a weak bond to the positively charged atomic nucleus. This weakly
bound electron needs only a small amount of energy to be exited to the conduction band.
This so-called n-doped semiconductor has a defect energy level close to the conduction
band. Semiconductors which are p-doped have an additional energy level in the band
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of transistors60–62. Due to its popularity and the fact that the manufacturing process
is established at very high quality, GaAs wafers are broadly available for a subsequent
overgrowth with different kinds of III/V materials. A detailed description of GaAs
can be found in literature63. This work focuses on Ga(NAs), gallium indium nitride
arsenide ((GaIn)(NAs)) and Ga(NAsSb) growth on GaAs.
Compound semiconductors, GaAs alloys
When alloying GaAs with InAs or gallium nitride (GaN), the characteristics of these
materials begin to intermix. While the lattice constant can be linearly interpolated
between two binary materials (Vegard’s Law64), band structure changes are more complex
(cf. Eq 2.7). Figure 2.3 shows the band gap vs. lattice constant plot. This graph holds a
tremendous amount of information for the binary III/V materials as well as their ternary
alloys. Direct semiconductors are represented with solid lines, indirect ones with dotted
lines. Selected material properties are summarized in Table 2.1, including the band
gap values and lattice constants which are needed to calculate the characteristics of a
ternary compound. The gallium indium arsenide ((GaIn)As) material is realized
by combining GaAs and InAs. pGa1´xInxqAs material with an x(In) of 0.01 exhibits
properties close to GaAs. The band gap and lattice constant shift towards the InAs
characteristics with a higher content of In. As mentioned above, the band gap does not
change linearly with the composition, as seen in Equation 2.7. Therefore, the connecting
lines in Figure 2.3 between the binary materials are bent.
EgappM
A
1´xM
B
x q “ p1´ xqEgappM
Aq ` xEgappM
Bq ´ xp1´ xqCbowing (2.7)
Binary Material GaAs InAs GaN GaSb
Egap [eV] 1.422 0.354 3.4 0.727
alattice [Å] 5.65325 6.0583 4.52 6.0959
m‹e [m0] 0.067 0.026 0.13 0.039
m‹h [001] [m0] 0.350 0.333 0.8 0.250
m‹l [001] [m0] 0.090 0.027 0.21 0.044
µe [cm2V ´1s´1] À 8500 À 40000 < 1000 À 3000
µhh [cm2V ´1s´1] À 400 À 500 < 200 À 1000
Table 2.1: Semiconductor properties from Vurgaftman65 and Ioffe Institute66
Consequently, Cbowing is an empirical material parameter which must be determined
experimentally for each material combination. Cbowing was determined to be 0.45 -
0.5 eV65 for (GaIn)As. The Egap decreases, while alattice increases with higher In content.
An In content of around 8% is needed for the solar cell material in order to reduce the
Egap by 130 - 140meV, leading to an Egap of around 1.28 - 1.29 eV. Figure 2.4 depicts the
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of 8% In and 3%N is needed92,93. First (GaIn)(NAs) structures were realized in the mid-
nineties94–97. Since then, the MOVPE and molecular beam epitaxy (MBE) communities
are improving growth conditions to increase the material quality98–101. Typically, MBE
grown (GaIn)(NAs) solar cells reveal higher conversion efficiencies102–105. Secondary Ion
Mass Spectrometry (SIMS) measurements revealed the C incorporation in MOVPE grown
samples to be in the range of 1017 - 1018 atoms/cm3, whereas no C was detected in MBE
grown samples (<1016 atoms/cm3). This unintended C incorporation occurs through the
presence of residual C groups, which exist naturally in MOVPE reactors. The C atom
substitutes a group V atom and therefore, heavily p-dopes the host material.
For a functioning solar cell, a p-n junction is required (cf. Section 2.3). Therefore, high
quality n-doped (GaIn)(NAs) material must be grown. This growth however, turns out
not to be trivial, as the intrinsic p-doping must be compensated in the first place before
the (GaIn)(NAs) material shows n-doping. This huge dopant density affects the free mean
path of the carriers and in turn reduces the electric properties of the material. Furthermore,
dilute nitrides show N related defects in MBE and MOVPE grown samples106–109, where
NAs ´AsGa defects as well as N interstitials (1019) are present110–112. N - N defects are
present as well, inducing deep level defects113–115. Post growth annealing was found to im-
prove the crystal quality, activating the dopants and improving the optical properties116–119.
Another approach to improving the crystal quality is the sur face active agent (surfactant)
effect. In this approach, the surfactant material is not intended to be incorporated into the
crystal. Instead, it segregates to the surface, substituting atoms, and affects the surface
reconstruction120–122. This thin film also induces an energy barrier: atoms which approach
the surface have to pass through the Sb film before incorporating into the crystal123. There
are two types of surface active materials: Type I surfactants increase the surface diffusivity,
whereas the type II surfactants decrease it123–128. As N tends to agglomerate at the
surface during low growth rates or growth rate interruptions, a type II surfactant prevents
this aggregation by reducing the diffusivity of N on the surface123,129. Several groups
reported on Sb as a surfactant for (GaIn)As and other materials130–143 improving the
optoelectronic, crystalline and surface properties. Therefore, gallium indium nitride
arsenide: antimony ((GaIn)(NAs):Sb) material was investigated and is presented in
Section 4.2.2.
A further possible combination for a 1 eV material lattice matched to GaAs is gallium
nitride arsenide antimonide (Ga(NAsSb)). This quaternary material is a combi-
nation of Ga(NAs) and gallium arsenide antimonide (Ga(AsSb)) with a composition of
6%Sb and 2.4%N. In Figure 2.4, the band offsets of Ga(NAs) and Ga(AsSb) are marked
orange and magenta respectively. From this figure, on would assume that Sb does not
greatly influence the conduction band in comparison with the valence band, which was
validated by Kudrawiec et al.144,145. The lower N concentration in comparison with
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EQE “
Ncpλq
Nphpλq
(2.13)
IQE “
EQE
1´R
(2.14)
When folding the IQE with the spectrum of the light source, one can determine the
maximum current obtainable from the solar cell. This current can then be correlated to
the IOC obtained from IV-characteristics.

CHAPTER 3
Experimental Methods
This chapter addresses the experimental methods utilized for the growth as well as the
characterization of the samples presented in this work. The technical characteristics of the
metalorganic vapor phase epitaxy (MOVPE) process will be discussed first, followed by
the high resolution X-ray diffraction (HR-XRD), which was used for the first post growth
feedback. Surface related investigations were performed using the atomic force microscope
(AFM). Optical feedback of as grown as well as annealed samples was obtained by room
temperature photoluminescence (PL) spectroscopy. Post growth annealing was either
performed within the MOVPE reactor or in an rapid thermal annealer (RTA). Doping
densities as well as mobilities were investigated via Hall and electrochemical capacitance
voltage (ECV) measurements. Furthermore, dedicated samples were investigated via
secondary ion mass spectrometry (SIMS). The solar cells were fabricated and investigated
in the framework of a joint project at (ISE). The fabrication and investigation methods
are discussed in Section 3.7.
3.1 Metalorganic Vapor Phase Epitaxy (MOVPE)
MOVPE, developed in the second half of the 20th century, is a method which is widely used
to produce a variety of crystal structures using metal organics (MOs) as source molecules
(precursor). The idea of supplying the source atoms in the gas phase into a reactor enables
a high level of control over the growth parameters. A competing and complementary
method is molecular beam epitaxy (MBE). This method requires an ultra high vacuum,
which is generally more cost and maintenance intensive, and the growth rates are usually
limited to 3µm per hour. This method requires primary sources in an ultra pure form.
These are heated in so-called effusion cells, subliming the sources to the gas phase. The
kinetic energy obtained by heating leads to a molecular beam originating from the effusion
cells. While the wafer throughput and the growth rate is higher by magnitudes in MOVPE,
MBE grown samples are usually of higher quality. This discrepancy is related to the nature
of MOVPE, where the source molecules are per definition bound to hydrocarbon groups.
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well (QW) structure. The strained out-of-plane distance is determined by Equation 3.4,
utilizing Equation 3.3 and approximations for small angles:
pΘs ´Θl1q ¨ cotpΘsq “
b1 ´ a
a
(3.4)
To determine the relaxed lattice constant b, elastic constants (C11 and C12) of the specific
material systems are needed. Equation 3.5 shows the correlation between the relaxed
lattice constant b and the tetragonally strained lattice constant b’:
∆a
a
“
b´ a
a
“
C11
C11 ` 2C12
b1 ´ a
a
(3.5)
Hereby, the ∆a
a
represents the lattice mismatch of the unrelaxed crystals. The strain
however, is defined as follows:
ε “
a´ b
b
(3.6)
The composition is determined by the relaxed lattice constant in combination with Vegard’s
Law64. This composition determination is only possible for ternary materials, as a further
degree of freedom is added for quaternaries. To solve this an additional investigation tool
like PL spectroscopy is required to reduce one degree of freedom (cf. Section 3.4).
3.3 Atomic Force Microscope (AFM)
A Nanoscope IIIa, Digital Instrument AFM was utilized for surface related investigations.
A needle vibrating at its resonance frequency in z-direction is scanned over a surface area
in x- and y-direction. Changes in the lower nm range in z-direction strongly affects the
vibration frequency due to Van der Walls and Coulomb interactions. The potential of
surface and needle is approximated with a Lennard-Jones potential. In the constant hight
mode, the distance between the needle and the surface is adjusted via piezo elements until
the initial frequency (and height) is measured again. The adjustment of the piezo crystals
is then mapped as a function of the needle position. The vibration frequency is measured
by a four zone photo diode. The diode is illuminated by a laser beam which is reflected by
the needle. Due to the vibration of the needle, the four zone photo detector illumination
varies periodically, detecting the vibration frequency.
3.4 Photoluminescence (PL) Spectroscopy and Rapid Thermal Annealer
(RTA)
PL spectroscopy allows optical characterization. This technique was used to determine
the PL peak position as well as intensity at room temperature conditions. The PL setup
is depicted in Figure 3.5. In this setup, the 532 nm line of a frequency doubled Nd:YAG
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defects can be annihilated by thermal annealing. While one can use the MOVPE reactor for
annealing, a JetFirst 200 C rapid thermal annealer (RTA) was utilized for the post growth
ex-situ annealing. Hereby, 20 IR-lamps heat the samples with heating ramps up to 50K per
second. This heat treatment supplies energy to the crystal. N atoms begin to move due to
kinetic energy. Hereby, interstitials and anti-sites are partially annihilated. Thus, the PL
peak intensity generally increases and the full width of half maximum (FWHM) reduces
after annealing. Furthermore, a PL peak position shift is observed in dilute nitrides. This
shift is related to the surplus hydrogen (H) incorporated parasitically into the crystal
during MOVPE. H annihilates the influence of N onto the band gap. Annealing activates
the passivated N atoms and therefore, a red shift is observed178–181.
In (GaIn)(NAs), one additionally has a further degree of freedom of the N environment.
Theoretical calculations have shown that for the same N and In content, the band gap is
less reduced for the N in an In environment than for the N in a gallium (Ga) environment.
Furthermore, the local stress is reduced for the N in an In environment, which is the
driving force for the N to diffuse into an In rich environment during the annealing process.
This reordering leads to a blue shift.118,182,183
3.5 Hall and Electrochemical Capacitance Voltage (ECV) Measurements
The electronic characteristics were determined by Hall and ECV measurements. Hall
measurements allow us to determine the majority carrier density, its type and mobility in
epitaxy layers on semi insulating (s.i.) substrates. The van-de-Pauw-Method184 allows
us to neglect the shape of the measured sample. For the measurement, In contacts are
alloyed onto the roughly 1 cm2 sample. Subsequently, the sample is glued onto an 8-pin
DIP socket where four of the pins are connected to the In by copper wires. The water
cooled magnet reaches field strengths up to 0.9T, while the current usually is in the range
of several µA. This method, however, only allows measurements for one layer grown on a
s.i. substrate.
As a solar cell material is grown on either p- or n-doped material, another technique was
utilized to determine the active carrier type and density. This so-called electrochemical
capacitance voltage (ECV) is based on the measurement of the capacity between the
sample and the chosen electrolyte. This electrolyte is in contact with a well defined sample
surface area. Due to sophisticated measurement techniques, the doping density can be
determined depending on the depth. Therefore, the sample is etched and measured after a
chosen etch depth. The doping density depth, however, consists out of the etch depth as
well as the depletion region width. This technique allows us to determine the doping density
and type for several layers on any doped substrate. A detailed description of the theory
and function of the Hall and ECV measurements can be found in literature39,54,185–188.
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3.6 Secondary Ion Mass Spectrometry (SIMS)
The detection of parasitic incorporation is performed via secondary ion mass spectrometry
(SIMS) externally by RTG Mikroanalyse GmbH in Berlin. Hereby, primary ions are focused
onto the surface, extracting secondary ions from the sample. These secondary ions are
then investigated with a mass spectrometer. Therefore, the count rate as well as the charge
to mass ratio is determined. The knowledge about possible cluster formation during the
sputtering process is important for adjusting the mass spectrometer and therefore for
detecting the relevant atoms. The composition of the investigated sample is determined
by a comparison with the count rate of a calibrated sample, which is always sputtered
simultaneously with the sample of interest.
3.7 Solar Cell Fabrication and Characterization
This section focuses on the fabrication and characterization of solar cells, which was
performed at the Fraunhofer Institute of Solar Energy-Systems (ISE) in the framework of
a joint dilute N project.
Quick Cell Fabrication
The usual full solar cell fabrication procedure takes more than one month. This increases
the feedback loop of the solar cell production and characterization drastically. For quick
feedback within several days, an approach for solar cell fabrication was developed at
ISE. This so-called quick cell fabrication is based on the electroplating principle. Firstly,
a u-shaped mask was placed on the roughly 1 cm2 sample and the corners were sealed
with electrolyte proof varnish. The sample was than put into the electroplating machine,
where the full back surface as well as the u-shaped front surface was coated with Ni. The
edges were not coated due to the varnish protection to prevent a short circuit. After
electroplating the mask was removed from the surface and the samples were treated with
acetone to remove the varnish from the sample edges. Finally, the samples were cleaned
with isopropanol.
Citric acid was used to etch down the 400 nm GaAs cap selectively. The 50 nm thick
(GaIn)P was not etched by citric acid and therefore, generally acts as an etch stop material.
In contrary to the conventional fabrication, no anti-reflection coating was performed.
Furthermore, the mean distance of each point of the solar cell to the Ni contact varies
strongly, which strongly increases the RS value. Nevertheless, this fabrication method
allows a quick and reliable comparison relatively to each other. The Ni coated area at the
front (u-shape) and back (full area) are contacted externally for further investigations.
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IV-characeristic
The IV-characteristic was obtained by voltage variation from V = 0 until I = 0. Hereby,
the Oriel Instruments sun simulator, with a Si reference/monitor cell, was utilized. The
solar cell was illuminated with a light intensity of one sun by a xenon lamp. The obtained
IV-characteristics were then interpreted as discussed in Section 2.3, taking into account
the sample area.
Quantum Efficiency (QE) measurements
The quantum efficiency (QE) measurements were obtained by LOANA system from PV-
Tool. The EQE is measured by a spectral light impinging onto the solar cell. At the same
time the generated current is detected. This current is normed to the current obtained
under the same light for a calibrated sample. In a second measurement, the spectral
reflectance of the solar cell surface is recorded in order to determine the IQE. Knowing
the IQE as well as the spectra of the xenon lamp allows us to determine the ISC value.
CHAPTER 4
Achievements with Conventional and Alternative Precursors
In this chapter, the N incorporation of DTBAA in comparison with UDMHy will be
discussed for each grown system individually. Already published work, which is reprinted
in Section 7, will be summarized only. The corresponding sections are marked with an
asterisk (*). Figures and results of publications referenced throughout this work. Unpub-
lished work will be discussed in more detail.
Firstly, N incorporation was investigated in pure GaAs, followed by N incorporation
in (GaIn)As and Ga(AsSb). The usage of Sb as a surfactant during the growth of
(GaIn)(NAs) (cf. Section 2.2) will be discussed in Section 4.2.2. Section 4.2.3 addresses the
C incorporation in (GaIn)(NAs) with the use of novel precursors like TIPIn and DTBAA
as well as C reduction techniques with TBAs. Furthermore, the growth of Ga(NAsSb)
will be discussed in Section 4.3, in comparison with the UDMHy and DTBAA based
growth in Section 4.3.1. Di-tertiary-butyl antimony tertiary-butyl amine (tBu2SbN(H)tBu,
DTBSbTBA) results will be presented in Section 4.3.2.
4.1 MOVPE Growth of Ga(NAs) Structures∗
In order to compare the N incorporation of DTBAA and UDMHy, Ga(NAs) QW struc-
tures were grown on s.i. exact (001) GaAs substrates with each precursor and investigated
with HR-XRD, AFM and PL. Dedicated bulk samples were investigated with SIMS.
First results obtained in Eduard Sterzer’s Masters thesis189 revealed that Ga(NAs) struc-
tures can be grown with DTBAA and tri-ethyl gallium ((C2H5)3Ga, TEGa) only. This
result shows that As and N are both supplied by the novel precursor DTBAA, making
additional TBAs supply optional. Hence, all DTBAA experiments, if not mentioned
otherwise, were realized with TEGa and DTBAA only.
∗ Parts of this work are published32 and presented in Section 7.1
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4.2.1 (GaIn)(NAs) Growth with DTBAA∗
In Section 4.1, the N incorporation efficiency of DTBAA in comparison with UDMHy
was discussed. In this section additional TMIn is added to the Ga(NAs) growth. Volz
et al.7 showed an N incorporation reduction in the UDMHy grown (GaIn)(NAs) samples
when alloying Ga(NAs) with In. This observation is depicted in Section 7.3, Figure 3 as a
dotted line. The N incorporation drops by 70% relative to the initial concentration in
Ga(N0.03As0.97) when aiming for 8% In. This urges to an N incorporation compensation
by either higher UDMHy or lower TBAs partial pressure (higher UDMHy/TBAs ratio).
Both options lead to a reduced surface quality together with a higher C incorporation.
When increasing the UDMHy supply, the precursor consumption is increased, along with
a growth rate reduction. The reason for that is the high UDMHy supply (around 2% of
the total gas phase in the reactor), which changes the conditions in the boundary layer
and therefore affects the growth process. All these effects emphasize the need of novel
precursors with a higher N incorporation efficiency and less precursor interactions.
Therefore, the same experiments were carried out with DTBAA. No N incorporation
decrease was observed with higher In concentration for the TEGa, DTBAA and TMIn
precursor combination, as depicted in Section 7.3, Figure 3. In contrast to the UDMHy
grown case, an N incorporation increase was observed with higher In content. Therefore,
the overall N incorporation efficiency increases from 15 - 20 times (Ga(NAs)) up to around
60 - 80 times ((GaIn)(NAs)) with respect to UDMHy grown samples.
Despite the significant benefits of DTBAA, the growth of (GaIn)(NAs) is still challenging.
Firstly, the O content of the DTBAA grown samples is in the range of 4¨1018 atoms/cm3
as depicted in Section 7.3, Figure 5. And secondly, the C incorporation is still in the range
of 1017 - 1018 atoms/cm3. Nevertheless, the DTBAA experiments revealed TMIn as one
main source of C incorporation.
SIMS investigations on DTBAA grown (GaIn)(NAs) and Ga(NAs) layers are presented
in Section 7.3, Figure 5. The only difference between both layers is the additional supply
of TMIn in (GaIn)(NAs) without changing other growth parameters. In addition to the
expected In content, double the C content was observed in (GaIn)(NAs) in comparison
with Ga(NAs). As TMIn is the only variation, the surplus C must originate from the
residual methyl groups of this precursor. In our case, C is presumably incorporating on
group V lattice sites, leading to an intrinsically p-doped (GaIn)(NAs) material, whereas
O is incorporating as a deep impurity.
The initial assumption for the source of C and O incorporation was the DTBAA precursor
impurity. Therefore, a very challenging synthesis procedure was performed by the group
∗ Parts of this work are published192 and presented in Section 7.3
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reduce the growth rate, which is not worthwhile for industrial solar cell growth from an
economical point of view.
A further TBAs increase is extremely challenging, as the low C incorporation achieved
(Figure 4.13 layer 3) was already grown with two DTBAA bubblers in parallel. The gas
flow through both bubblers was around 25% (1700ml/min) of the total gas flow through
the reactor (6800ml/min). The low DTBAA vapor pressure of around 0.6 - 0.8 mbar is the
limiting factor for higher TBAs supply. A third DTBAA bubbler would help to decrease
the C incorporation, by increasing the relative DTBAA flow to around 40% (2700ml/min)
of the total reactor flow, and bringing the standard technical abilities for further DTBAA
gas phase supply to an absolute limit.
The empty squares in Figure 4.13 represent the TIPIn grown samples. Substituting TMIn
with TIPIn leads to several effects: the N content is reduced by around 25%, whereas
simultaneously the C content is reduced by 70% and the O by even 80% (5 vs. 1). With
additional TBAs, C incorporation decreases even further, while the O content increases
(6). In a comparison of layer 3 and 6, the O content is still 60% lower for the TIPIn case
in comparison with the tri-methyl indium (TMIn) case.
UDMHy grown (GaIn)(NAs) layers were produced as a reference (red background). In
Figure 4.13 the data is depicted as stars (7 & 8). The O content is not plotted as the
incorporation was below the detection level of the SIMS machine (<1016 atoms/cm3). The
C incorporation, however, is still the lowest achieved in this work, if normed to the N
content. Substituting TMIn did not show any obvious difference.
First, optoelectronic studies dependent on annealing were performed. Therefore, three
different annealing treatments were applied: 700 ˝C, 10 s and 20 s in the RTA as well as
700 ˝C 90minutes in the AIX-200 reactor. Hereby, the 90minutes reactor annealing divides
in 45minutes H2-TBAs stabilized and 45 minutes unstabilized (N2) treatment. These
samples were investigated with Hall (s.i. substrates), ECV (p-dot substrates) as well as
PL. The summary of the results is shown in Table 4.2.
The following nomenclature is introduced to identify the layers as well as the annealing
conditions:
D: DTBAA MIn: TMIn IIn: TIPIn U: UDMHy As: TBAs
R45: reactor annealing at 700 ˝C for 45minutes TBAs stabilized and 45minutes unstabi-
lized.
RTA10: RTA annealing at 700 ˝C for 10 s
RTA20: RTA annealing at 700 ˝C for 20 s
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General Information Opt. Res. Electr. Res.
D-MIn SIMS Anneal. Int-PL PL-P. FWHM Mobility Density
[at./cm3] [a.u.] [eV] [meV] [cm2/Vs] [1/cm3]
DTBAA, TMIn O: 6.4¨1017 RTA10 6.9¨10´4 1.05 93 p 40 6.2¨1017
TEGa C: 2.2¨1018 RTA20 1.3¨10´4 1.05 83 n 1500 1.4¨1016
s.i. substrate R45 2.0¨10´2 1.06 77 p 30 2.3¨1018
D-IIn SIMS Anneal. Int-PL PL-P. FWHM Mobility Density
[at./cm3] [a.u.] [eV] [meV] [cm2/Vs] [1/cm3]
DTBAA, TIPIn O: 1.0¨1017 RTA10 1.4¨10´3 1.10 71 p 38 2.4¨1017
TEGa C: 6.3¨1017 RTA20 9.5¨10´4 1.11 81 p 50 1.2¨1017
s.i. substrate R45 3.6¨10´2 1.12 72 p 56 2.6¨1018
D-MIn-As SIMS Anneal. Int-PL PL-P. FWHM Mobility Density
[at./cm3] [a.u.] [eV] [meV] [cm2/Vs] [1/cm3]
DTBAA, TMIn O: 4.4¨1017 RTA10 3.7¨10´4 1.13 84 p - 5.2¨1017
TEGa, TBAs C: 8.5¨1017 RTA20 1.4¨10´4 1.12 76 p - 3.1¨1017
p-dop substrate R45 5.5¨10´3 1.12 75 p - 9.8¨1016
D-IIn-As SIMS Anneal. Int-PL PL-P. FWHM Mobility Density
[at./cm3] [a.u.] [eV] [meV] [cm2/Vs] [1/cm3]
DTBAA, TIPIn O: 1.7¨1017 RTA10 3.1¨10´4 1.12 85 p - 4.9¨1017
TEGa, TBAs C: 3.4¨1017 RTA20 2.9¨10´4 1.11 76 p - 3.3¨1017
p-dop substrate R45 8.7¨10´3 1.15 70 p - 6.3¨1015
U-MIn-As SIMS Anneal. Int-PL PL-P. FWHM Mobility Density
[at./cm3] [a.u.] [eV] [meV] [cm2/Vs] [1/cm3]
UDMHy, TMIn O: - RTA10 4.2¨10´2 1.07 64 p - 1.2¨1018
TEGa, TBAs C: 3.4¨1017 RTA20 1.2¨10´2 1.07 63 p - 9.8¨1017
p-dop substrate R45 1.2¨10´1 1.08 55 p - 2.6¨1017
U-IIn-As SIMS Anneal. Int-PL PL-P. FWHM Mobility Density
[at./cm3] [a.u.] [eV] [meV] [cm2/Vs] [1/cm3]
UDMHy, TIPIn O: - RTA10 3.0¨10´2 1.07 65 p - 1.2¨1018
TEGa, TBAs C: 2.8¨1017 RTA20 1.1¨10´2 1.07 62 p - 4.1¨1017
p-dop substrate R45 1.1¨10´1 1.08 59 p - 3.5¨1017
Table 4.2: Optoelectronic results of (GaIn)(NAs) samples grown with various combinations
of TEGa, TMIn, TIPIn, TBAs, UDMHy and DTBAA. Additionally, three different annealing
conditions were applied to these samples.
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Consequently, the D-IIn-As-R45 layer was grown with DTBAA, TIPIn and TBAs and
was annealed in the reactor for 90min, which divides in 45minutes H2-TBAs stabilized
and 45 minutes unstabilized (N2) treatment.
While no sufficient PL intensity was obtained from as grown samples, annealing drastically
increased the PL intensity. Throughout all samples, the reactor annealed ones show the
highest PL intensities and the lowest FWHM values. This must be investigated in more
detail, as this means that no comparable annealing conditions for the RTA were found as
of yet. The PL intensity decreases for the 20 s annealed sample in comparison with the
10 s annealed sample. This result indicates that the integral thermal energy (temperature
+ time) supplied for annealing is too high under given RTA conditions. Furthermore,
the UDMHy grown (GaIn)(NAs) samples show the highest total intensities as well as
lowest FWHM values. There is at least one magnitude of difference in the PL intensity
between the DTBAA and UDMHy grown samples. This probably is connected to the
unintentional O incorporation originating from the DTBAA precursor. Furthermore, the
growth temperature of the DTBAA grown (GaIn)(NAs) samples was 500 ˝C, whereas
UDMHy grown (GaIn)(NAs) layers were realized at 550 ˝C. This difference in growth
temperature has an effect on the intrinsically incorporated crystal defects and therefore
on the optoelectronic properties as well.
The (GaIn)(NAs) layer grown on p-doped substrate cannot be investigated via Hall. There-
fore, mobility data is presented only for (GaIn)(NAs) layers grown on s.i. substrates. In
contrast to the PL intensity and the FWHM, the mobility increases in the given order for
the D-IIn sample: RTA10, RTA20, R45. The D-MIn-RTA20 sample shows a very large
major carrier mobility of 1500 cm2/Vs as well as untypical n-doping. Ga vacancies are
described in literature as potentially n-doping201,202. Therefore, an explanation might be
temperature-induced Ga vacancies, leading to a compensation of the p-doping, as well as
over-compensation of these, thus leading to an n-doped material. Why this happens only
for this layer and whether this is the mechanism that is occuring, needs to be investigated
in the future in more detail.
The doping densities were investigated with Hall and ECV, as shown in Table 4.2. When
comparing RTA10 and RTA20 samples, one instantly observes a decrease in the active
doping density for longer annealing. In literature, the CAs-Asi-CAs clusters which act as
an p-dopant are believed to dissolve due to temperature and form C interstitials, reducing
the p-doping47,203. Hereby, the Asi is an interstitial, and CAs incorporates onto the group
V lattice site.
The comparison between the RTA and reactor annealed samples in terms of active doping
density is difficult to interpret. ECV based measurements always show the lowest doping
density for the R45 samples, whereas Hall measurements show opposite results. This leads
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to the assumption that a systematic difference in the investigation techniques leads to the
different values.
Additionally, the C incorporation obtained by SIMS (cf. Figure 4.13) is also presented
in Table 4.2. As discussed previously, C incorporation is related to p-doping. When
comparing the doping densities obtained by Hall and ECV, one observes the discrepancy
between the C content and the measured active doping density. As mentioned above,
further defects like vacancies (Vx) are a potential source of n- and p-doping, for example
VGa and VAs, respectively. Furthermore, O incorporation is known to compensate the C
acceptors204. To gain better insight in to the physical processes, further experiments need
to be performed in the future, aiming for systematic ECV and Hall results.
4.3 MOVPE Growth of Ga(NAsSb) Structures
In this section, the Sb incorporation in Ga(NAs) is discussed. As observed in Section 4.2.2
and according to literature134,153, the growth of 1 eV Ga(NAsSb) lattice matched to GaAs
is very challenging, if not impossible, with the commercially available N precursor UDMHy.
Therefore, Ga(NAsSb) growth utilizing the novel precursor DTBAA was investigated in
Section 4.3.1. Furthermore, results of a second precursor DTBSbTBA, designed especially
for N and Sb incorporation, will be presented in Section 4.3.2.
4.3.1 DTBAA grown Ga(NAsSb)∗
In Section 4.2.2, Sb was utilized as a surfactant and unfortunately did not meet the
expectations of leading to a better (GaIn)(NAs) material quality. The sharp N incorpo-
ration decrease with additional Sb was discussed and is one of the main reasons why no
1 eV Ga(NAsSb) material lattice matched to GaAs was realized in MOVPE as of yet. In
Section 4.2.1, the N incorporation efficiency of DTBAA in comparison with UDMHy was
discussed. As no N incorporation decrease was observed for (GaIn)(NAs) growth with
DTBAA and TMIn, experiments on Ga(NAsSb) were carried out with similar expectations.
For the first time, a 1 eV Ga(NAsSb) layer lattice matched on GaAs grown in MOVPE was
realized with TEGa, DTBAA and tri-ethyl antimony ((C2H5)3Sb, TESb) (Section 7.4).
Hereby, a complex incorporation behavior of Sb and N was found. An important result
was the requirement for low V/III ratios (1.0 - 2.0) to achieve sufficient Sb as well as N
incorporation in combination with a smooth surface. Higher V/III ratios lead to a lower
Sb incorporation, which coincides with higher root mean square (RMS) values for surface
roughness obtained by AFM. The reason for that is presumably the group V competition,
∗ Parts of this work are published205 and presented in Section 7.4
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base material. A hetero solar cell design was chosen to focus only onto the intrinsically
p-doped (GaIn)(NAs) material. Hence, a 1.5¨1018 atoms/cm3 n-doped GaAs emitter was
grown. The 2¨1018 atoms/cm3 n-doped (Ga0.50In0.50)P layer functions on the one hand
as an etch stop and on the other hand as a window layer, which acts as a barrier for
minority carriers in the emitter. The 6¨1018 atoms/cm3 n-doped top GaAs layer is used as
a contact layer, to lower the front side contact resistance. After processing, it remains
only beneath the metal fingers. For the front and back contacts, Ni-films were deposited
by electroplating. While the back side received a full area coverage, a simple u-shaped
grid design was used for the front side.
Five (GaIn)(NAs) solar cell sets were grown using TEGa. Two of them based on UDMHy
in combination with TMIn and TBAs or TIPIn and TBAs. The other three (GaIn)(NAs)
solar cells based on DTBAA were grown either with TMIn, TMIn and TBAs or TIPIn
and TBAs. Additionally, a GaAs solar cell was grown as a reference sample to allow the
classification of the general sample and fabrication quality. Furthermore, each of the solar
cells mentioned above was annealed at 700 ˝C in five different ways. Three pieces were
annealed in the RTA at atmospheric pressure under N2 environment for either 10 s, 20 s or
30 s. The other two pieces were annealed in the Aix-200 reactor at the following conditions:
R45 annealing: 50mbar reactor pressure, 45min TBAs stabilized under H2 followed by
45min unstabilized under N2, 90minutes in total.
R60 annealing: 50mbar reactor pressure, 60min TBAs stabilized under H2 followed by
30min unstabilized under N2, 90minutes in total.
All of these samples were fabricated and investigated with the methods introduced in
Section 3.7 with the knowledge of the solar cell fundamentals introduced in Section 2.3.
The nomenclature introduced on page 47 will be used to identify the solar cell type as
well as the annealing condition.
Each solar cell set was grown at different temperatures. The DTBAA based solar cell
was grown at 500 ˝C, the UDMHy based at 550 ˝C and the GaAs based at 625 ˝C. Higher
growth temperatures of GaAs based dilute N materials require an exponentially higher
DTBAA supply (cf. Section 7.1). Therefore, the DTBAA based material was limited in
growth temperature, due to a limited supply by the available DTBAA source.
The doping densities as well as O and C contents of each individual (GaIn)(NAs) layer
were determined in test structures and are summarized in Table 4.2.
The applied processing technique leads to some restrictions on interpreting the cell results.
Due to the simple grid design, high contact resistance and thin metal layer thickness, a
high distributed series resistance is present. Additionally, parasitic Ni coating on the solar
cell edges can occur and lead to a possible short circuit, therefore lowering the RSh.
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of 1 V as well as the dielectric constant of GaAs (12.9), the depletion width amounts to
around only 80 nm. This thickness divides into 13 nm within the GaAs material and 67 nm
within the (GaIn)(NAs) material. From these values, one can estimate the diffusion length
of the minority charge carrier to be in the range of 320 nm.
The same procedure was performed with the D-MIn-As-R45 solar cell. The corresponding
EQE measurement and simulations are presented in Figure 5.6. One instantly observes
the lower EQE for the DTBAA grown solar cell in comparison with the U-MIn-As-R45
case. The simulations reveal an active (GaIn)(NAs) layer of only 180 nm. When assuming
the intrinsic doping to be in the range of 1¨1017 atoms/cm3, a depletion width of 125 nm
is calculated. This leaves around 8 nm within the GaAs and 117 nm in the (GaIn)(NAs)
material, leading to a diffusion length value of only 63 nm. This value is around five times
lower than the U-MIn-As-R45 solar cell and therefore drastically reduces the solar cell
efficiency. The lower diffusion length of the DTBAA based solar cell is presumably related
to the O content, which acts as a deep level impurity.
One must keep in mind that quick cell fabrication is still under development and the data
obtained has strong fluctuations. Therefore, this data must be handled very carefully.
Nevertheless, the data showed that the UDMHy based solar cells are still of better quality.
This, however, is strongly related to the O incorporation that originates from the DTBAA
precursor. The C reduction with additional TBAs for the D-MIn-As case did not show
significant solar cell quality improvement in comparison with the D-MIn material. This is
probably related to the fact that O deteriorates the (GaIn)(NAs) material more strongly
than the C. The usage of TIPIn instead of TMIn lead to an decrease of the WOC .
Simultaneously, a reduction of the current density was observed. DTBAA based solar cell
growth must follow with a precursor of significantly higher purity to allow comparable or
better results in comparison with UDMHy grown material.

CHAPTER 6
Summary and Outlook
This work presents a full investigation cycle of a new precursor, beginning with the synthesis
of the precursors of interest. The first MOVPE investigations in different material systems
like GaAs, (GaIn)As and Ga(NAsSb) were performed and finally the realization and
investigation of several solar cell sets was achieved.
First experiments with Ga(NAs) material showed an extremely high N incorporation of
DTBAA in comparison with the UDMHy grown material. Consequently, experiments on
(GaIn)(NAs) material followed. In contrast to UDMHy grown (GaIn)(NAs) material, no
N incorporation reduction was observed for the DTBAA grown (GaIn)(NAs) layer. This
led to an even higher N incorporation efficiency, 60 - 80 times higher than for UDMHy.
Higher purification of the DTBAA precursor reduced the O content in the Ga(NAs) and
(GaIn)(NAs) layer, however, no C incorporation reduction was observed with increasing
DTBAA purity. The comparison between the C incorporation between Ga(NAs) and
(GaIn)(NAs) revealed TMIn to be one main C source. Therefore, additional C incorpora-
tion investigations for Ga(NAs) and (GaIn)(NAs) were performed.
A significant C incorporation reduction in DTBAA based (GaIn)(NAs) was found by either
additional TBAs supply or by substituting TMIn with TIPIn. While N incorporation was
reduced with additional TBAs, the TIPIn growth was not trivial, due to the fluctuation
of In content.
In UDMHy based (GaIn)(NAs) material, the C incorporation reduction was attempted
by the usage of Sb as a surfactant. The results show no beneficial interaction between Sb
treated and untreated (GaIn)(NAs) material. In fact, Sb even increased the challenges of
the (GaIn)(NAs) growth due to strong N incorporation reduction with additional Sb supply.
The interaction between TESb and DTBAA was investigated: it was found that the
N incorporation decreased with additional TESb. However, the effect on the UDMHy
based material is significantly larger. While the growth of a 1 eV Ga(NAsSb) material
with MOVPE was not possible as of yet, the low negative interactions observed with the
DTBAA precursor made the realization of the first 1 eV Ga(NAsSb) material grown by
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MOVPE possible. SIMS investigations revealed a high amount of O, which originates
from the DTBAA precursor and must be dealt with and resolved.
The knowledge obtained in the first part of this work was utilized for solar cell growth:
five (GaIn)(NAs) solar cell sets, three of which were based on the DTBAA and two on
the UDMHy precursor, were realized. The results revealed the UDMHy based material to
be of higher quality. The C incorporation reduction led only to small solar cell quality
improvement, which is probably related to the high O content that drastically reduces
the material quality. The simulation of the best EQE measurements showed an active
(GaIn)(NAs) thickness of around 400 nm for the UDMHy based material. DTBAA based
material, however, revealed an active (GaIn)(NAs) material of only 180 nm. Among
with the active doping densities obtained from test structures, the depletion region was
calculated, and an indication for the diffusion lengths was found. For the UDMHy based
material, the diffusion length was estimated to be around 300 nm while the DTBAA based
material was estimated to have a diffusion length of around only 60 nm. The poor solar
cell characteristics of DTBAA grown material is related to the high O content, which
deteriorates the solar cell quality drastically.
Additionally, TIPIn was found to increase the open circuit voltage of the DTBAA as well
as UDMHy based (GaIn)(NAs) solar cell. However, the current of the same solar cell
material was significantly lower than the TMIn grown pendant. This, however, is probably
connected to the In incorporation fluctuation during the growth.
The results summarized above show that the DTBAA precursor has a huge potential
to improve the (GaIn)(NAs) material growth and therefore to replace the conventional
N precursor UDMHy. However, the DTBAA purity must be improved. Furthermore,
TIPIn was found to reduce C incorporation in comparison with TMIn. However, the In
incorporation fluctuation when using TIPIn is an issue that must be resolved. As the Sb-N
interaction is drastically lower for DTBAA based dilute N materials, (GaIn)(NAs):Sb
growth with DTBAA needs to be investigated in terms of potential C incorporation
reduction. Additionally, Ga(NAsSb) as well as (GaIn)(NAsSb) solar cells need to be
grown in future experiments with highly purified DTBAA, as this kind of solar cells grown
with MBE showed the highest solar cell qualities observed so far.
CHAPTER 7
Publications
This chapter presents the publications related to this thesis. An abstract as well as the
authors contribution will be given for each publication.
7.1 Efficient nitrogen incorporation in GaAs using novel metal organic
As-N precursor di-tertiary-butyl-arsano-amine (DTBAA)∗
E. Sterzer, A. Beyer, L. Duschek, L. Nattermann, B. Ringler, B. Leube, A. Stegmüller, R.
Tonner, C. von Hänisch, W. Stolz, K. Volz, Journal of Crystal Growth 439, 19-27 (2016).
DOI: 10.1016/j.jcrysgro.2015.12.032.
Abstract
III/V semiconductors containing small amounts of nitrogen (N; dilute nitrides) are discussed
in the context of different solar cell and laser applications. The efficiency of these devices
is negatively affected by carbon (C) incorporation, which comes either from the direct
CâN bond in the N precursor unsym- metrical 1,1-dimethylhydrazine (UDMHy) used
conventionally or from the alkyl groups of the conventional precursors for gallium (Ga),
indium and arsenic (As) containing carbon. This C is incorporated together with the N due
to the strength of the C-N bond. A further important issue in dilute nitride growth is the
very low N incorporation efficiency in the crystal from UDMHy, which can be as little as
1% of the N supplied in the gas phase. Therefore, new metal organic chemicals have to be
synthesized and their growth characteristics and suitability for dilute nitride growth have
to be explored. This work presents the chemical di-tertiary-butyl-arsano-amine (DTBAA),
which was synthesized, purified and tested as an N precursor for metal organic vapor
phase epitaxy (MOVPE). Computational investigations show β-hydrogen and isobutane
∗ Reprinted from Journal of Crystal Growth 439 (2016) 19-27, Copyright 2016, with permission from
Elsevier.
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elimination to be the main reaction channel in the gas phase with high reaction barriers
and absence of small fragments containing C as products. The loss of N via N2, as in
UDMHy, can be excluded for unimolecular reactions of DTBAA. The Ga(NAs)/GaAs
heterostructures were grown by MOVPE as initial test material and a systematic N
incorporation study is presented in this paper. It is shown that high quality Ga(NAs)
can be grown using DTBAA. The N incorporation was confirmed by high resolution
X-ray diffraction and photoluminescence studies. All samples grown exhibit as grown
room temperature photoluminescence and smooth surface morphologies. Furthermore,
DTBAA shows extremely high N incorporation efficiency, which makes this molecule a
very promising candidate for further research into dilute nitride material growth.
The Authors contribution
My contribution to this work was the planning, executing and investigation of all samples
including MOVPE growth and HR-XRD, AFM as well as PL measurements. B. Leube,
A. Stegmüller and R. Tonner did perform the decomposition calculation, which was
interpreted by all authors. A. Beyer and L. Duschek performed the STEM measurements
which were interpreted by all authors. All co-authors helped to interpret the data for the
publication which was written by me.
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a b s t r a c t
III/V semiconductors containing small amounts of nitrogen (N; dilute nitrides) are discussed in the
context of different solar cell and laser applications. The efficiency of these devices is negatively affected
by carbon (C) incorporation, which comes either from the direct C–N bond in the N precursor unsym-
metrical 1,1-dimethylhydrazine (UDMHy) used conventionally or from the alkyl groups of the conven-
tional precursors for gallium (Ga), indium and arsenic (As) containing carbon. This C is incorporated
together with the N due to the strength of the C–N bond. A further important issue in dilute nitride
growth is the very low N incorporation efficiency in the crystal from UDMHy, which can be as little as 1%
of the N supplied in the gas phase. Therefore, new metal organic chemicals have to be synthesized and
their growth characteristics and suitability for dilute nitride growth have to be explored. This work
presents the chemical di-tertiary-butyl-arsano-amine (DTBAA), which was synthesized, purified and
tested as an N precursor for metal organic vapor phase epitaxy (MOVPE). Computational investigations
show β-hydrogen and isobutane elimination to be the main reaction channel in the gas phase with high
reaction barriers and absence of small fragments containing C as products. The loss of N via N2, as in
UDMHy, can be excluded for unimolecular reactions of DTBAA. The Ga(NAs)/GaAs heterostructures were
grown by MOVPE as initial test material and a systematic N incorporation study is presented in this
paper. It is shown that high quality Ga(NAs) can be grown using DTBAA. The N incorporation was con-
firmed by high resolution X-ray diffraction and photoluminescence studies. All samples grown exhibit as
grown room temperature photoluminescence and smooth surface morphologies. Furthermore, DTBAA
shows extremely high N incorporation efficiency, which makes this molecule a very promising candidate
for further research into dilute nitride material growth.
& 2016 Elsevier B.V. All rights reserved.
1. Introduction
Dilute nitrides (III/V semiconductors, containing small amounts of
nitrogen: N), such as Ga(NAs) and GaInNAs, promise a variety of
applications. By incorporating N in GaAs, the band gap reduces
strongly, which can be described by the anti-crossing model [1–4].
The strong redshift of the energy gap upon the introduction of small
amounts of N makes the dilute N compounds very interesting for
high-efficiency solar cell [5,6] and laser applications [7–9]. Uninten-
tional carbon (C) incorporation during growth (especially MOVPE:
metal organic vapor phase epitaxy), however, is a major challenge for
dilute nitride optoelectronic devices. It has been shown, for example,
that C increases the threshold current density in GaInNAs lasers
linearly [10]. Conventionally, UDMHy (1,1-dimethylhydrazine) is used
as an N precursor. The high C incorporation could arise from the
incorporation of the dimethylamine half of the UDMHy. Another
possibility is the C incorporation from the radicals of the other MO
precursors for arsenic (As), gallium (Ga) and indium (In) containing C,
which are incorporated together with the N due to the C–N bond
strength once N encounters an alkyl radical containing C on the sur-
face. It should be noted that “larger” radicals, such as propyl and butyl,
are most probably sterically hindered from being incorporated,
whereas methyl, especially, and also ethyl radicals might incorporate
easily. Hence, novel precursors are needed, especially an N precursor
without a direct C–N bond [10–13]. These precursors should be liquid
at room temperature, have a sufficient vapor pressure and the organic
fragments should, if possible, be larger than ethyl or the decomposi-
tion characteristics at low temperatures should not favor the forma-
tion of small radicals containing C. Furthermore, it is important for
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/jcrysgro
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dilute nitride growth that the molecule decomposes at the low
growth temperature (around 500 °C), because dilute nitrides are
highly metastable and, consequently, low growth temperatures have
to be applied. A further challenge during dilute nitride growth – even
at low temperatures – is the extremely low N incorporation efficiency
from UDMHy (in the percent range [14]) leading to an extraordinarily
high consumption of the N precursor for only dilute N incorporation.
Not only does this lead to high production costs, but also to a drastic
change of the gas phase during MOVPE growth, which, in turn, affects
all other growth conditions [15,16]. Loss of molecular N2 will be dis-
cussed in the gas phase chemistry chapter as the reason for N loss
using UDMHy.
This paper will present an incorporation study of N from a new N
precursor with no direct C–N bond (di-tertiary-butyl-arsano-amine:
DTBAA) which has been synthesized and purified on a laboratory
scale. The avoidance of a direct C–N bond might result in a reduction
of C incorporation after all growth conditions have been optimized.
Furthermore, as the N incorporation mechanisms into GaAs from
UDMHy are not entirely clarified, using DTBAA might also enhance
our understanding at this point and even higher N incorporation
efficiencies might be achieved.
2. Synthesis of tBu2AsNH2 (DTBAA)
The preparation of tBu2AsNH2 was described by Scherer and
Janssen in 1969. The tBu2AsCl is prepared in a two-step synthesis
via the reaction of the Grignard reagent tBuMgCl and AsCl3. Ami-
nation to tBu2AsNH2 occurs by exposing the chloroarsine to gas-
eous ammonia [17,18].
2.1. Experimental part
In general, all our working procedures were conducted under
rigorous exclusion of oxygen and moisture using a standard Schlenk
technique and an argon atmosphere. Solvents were dried and freshly
distilled before use. The starting material tert-butyl-chloride was
purchased from Acros Organics, and magnesium and arsenic
trichloride from Sigma Aldrich. Arsenic trichloride was purified by
distillation prior to use. Nuclear magnetic resonance (NMR) spectra
were recorded with a Bruker Avance 300 spectrometer. The abbre-
viations for the multiplicity of the signals are s¼singlet and bs¼broad
singlet.
2.2. tBu2AsCl
An amount of 6.08 g Mg powder (250 mmol) was suspended in
250ml Et2O and 27.6 ml tBuCl (250 mmol) dissolved in 250 ml Et2O,
which was added drop by drop. This Grignard solution was refluxed
for 1 h and, after cooling to room temperature, was subsequently
added drop by drop to a solution of 8.4 ml AsCl3 (100 mmol) in
400 ml Et2O at 0 °C. The suspension obtained was slowly warmed
to room temperature. After filtration and rinsing of the solid with n-
pentane, the solvent was removed under reduced pressure. The pur-
ification was achieved by fractional distillation at 13.3 mbar to afford
17.14 g tBu2AsCl at 70 °C as a colorless liquid in a yield of 76%.
2.3. tBu2AsNH2
An amount of 17.14 g tBu2AsCl (76 mmol) was dissolved in
600 ml Et2O and cooled to 0 °C. An excess of ammonia was passed
into the solution until no more NH4Cl precipitated. The solids were
filtered off and the solvent was removed under reduced pressure.
An amount of 11.96 g tBu2AsNH2 was obtained as a colorless liquid
in a yield of 77% by fractional distillation at 2.7 mbar at 40 °C.
3. Quantum chemical calculations
Comprehensive decomposition reaction catalogues were
established for UDMHy and DTBAA, including alkene, H2, β-
hydrogen and alkane elimination and homolytical cleavage
mechanisms based on our previous work on tertiarybutylpho-
sphine (TBP) [19]. Gibbs reaction energies and barriers were cal-
culated following unconstrained structural optimization using
density functional theory with a generalized gradient approx-
imation functional (PBE [20]), together with the def2-TZVPP [21]
basis set. Dispersion effects were considered in an atomic pair-
wise, semi-empirical approach (DFT-D3) [22]. An auxiliary basis
set was used to speed up the computations [23] and tightened
convergence criteria were applied in the self-consistent field cycle
(scfconv 108 a.u., grid m4).
The character of stationary points on the potential energy surface
and derivation of thermodynamic data was achieved by computing
the Hessian and vibrational frequency analysis. Minima were char-
acterized by zero and transition states by one imaginary mode.
Transition states (TS) were located and confirmed via intrinsic reac-
tion coordinate computations for selected thermodynamically acces-
sible reactions at growth conditions. Thermodynamic corrections
were computed via statistical thermodynamic approaches for T¼400,
500 and 675 °C at p¼50mbar in the rigid rotor, harmonic oscillator
approximation (Sackur–Tetrode equation for atoms). Entropy correc-
tions are sensitive to even small errors in the low-frequency vibra-
tions of the molecule. Thus, absolute Gibbs energies at high tem-
peratures have to be interpreted with care, but trends are much less
sensitive to this issue. The Gaussian 09 [24] and Turbomole 6 [25]
packages were used. The full reaction catalogue investigated is found
in the Supporting information.
4. Growth and characterization of the Ga(NAs) layers
Ga(NAs)/GaAs heterostructures were grown on exact semi-
insulating GaAs (001) substrates using an Aixtron AIX 200 reac-
tor which is an infrared heated horizontal reactor system with gas
foil rotation (50–70 rpm). The reactor pressure was held constant
at 50 mbar with a total flow of 6800 sccm palladium (Pd) purified
hydrogen (H2) carrier gas.
A GaAs buffer layer 250 nm thick grown homoepitaxially at opti-
mal conditions (625 °C) ensures a high quality surface for further
growth. The growth temperature (475–550 °C) between buffer and
multiquantum well (MQW) was changed under stabilization with
tertiarybutylarsine (TBAs) to prevent As desorption from the surface.
The MQWs with Ga(NAs) layers 6–8 nm thick and GaAs barriers at
least 10 nm thick were grown as test structures for N incorporation.
The growth temperature and the triethylgallium (TEGa), TBAs partial
pressures and the DTBAA offer were varied to investigate the N
incorporation of DTBAA systematically. As the vapor pressure of the
newly synthesized N precursor is unknown, the DTBAA offer will be
represented in the following in flow units (ml/min) at a source tem-
perature of 20 °C and source pressure of 200 mbar. From the con-
sumption of the DTBAA, its vapor pressure at 20 °C is around 1mbar,
as detailed in the paper.
A Panalytical X'Pert Pro high resolution X-ray diffraction (HRXRD)
system using an X-ray wavelength of 0.15405 nm (Cu Kα1) was used
to determine the N incorporation and the growth rate for each growth
experiment. The HRXRD patterns obtained around the (004) GaAs
reflection were simulated using the X'Pert Expitaxy software.
As the last layer of each sample was a Ga(NAs) quantum well
(QW), which was cooled down to 350 °C with TBAs stabilization,
atomic force microscopy (AFM) investigations of the surface were
used to address the morphology of the ternary system.
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The as grown optical properties were investigated by room tem-
perature photoluminescence (RTPL). The 514 nm line of an argonion
laser with 100mW power was used to excite the samples. A 1 m
grating monochromator (THR 1000, Jobin-Yvon) and a liquid N cooled
germanium detector were applied to disperse and detect the signal
applying a standard lock-in technique.
The nanostructure of the samples was characterized by scanning
transmission electron microscopy (STEM) to investigate layer quality
and interfaces between the individual layers. Electron transparent
samples were prepared via conventional mechanical grinding and
final argon-ion milling. The thin foils were analyzed in a JEOL 2200FS
microscope operating at 200 kV equipped with aberration correctors
for the probe forming as well as the imaging lenses, which allows
imaging at an atomic scale resolution. In scanning mode, the camera
length and, accordingly, the detection angles of the annular detector
were varied to visualize the layers containing N [26,27].
5. Results and discussion
This work is organized as follows: At first, we clarify the
decomposition pathways of DTBAA compared to UDMHy by means
of DFT calculations. Thenwewill show evidence of N incorporation
in GaAs using DTBAA, followed by systematic investigation of the
dependence of the N incorporation on TBAs, DTBAA and TEGa
(growth rate) partial pressures and growth temperature. The as
grown optical characteristics of different samples will be pre-
sented, followed by a STEM study. Finally, an estimate of the N
incorporation efficiency from DTBAA compared to UDMHy will
be given.
5.1. Gas phase chemistry from computations
The gas phase decomposition channels of the DTBAA are key
factors determining C incorporation and growth characteristics,
especially the N incorporation. We carried out quantum chemical
investigations on a large set of possible reactions. We also inves-
tigated the gas phase chemistry of UDMHy as a comparison. While
the decomposition characteristics of hydrazine and its mono-
methylated derivative have received some attention in the past
[28], less is known about UDMHy. In a cluster model of GaInNAs
material, dissociative chemisorption of N at the GaIn-rich surface
was found to be the most probable surface reaction. However, all
reactions for removal of C species were found to exhibit high
Fig. 1. Important decomposition reactions for (a) UDMHy and (b) DTBAA with Gibbs reaction energies (blue, left) and barriers (red, right) given in kJ mol1 from quantum
chemical calculations (PBE-D3/def2-TZVPP, p¼50 mbar, T¼400 °C). The full set of reactions can be found in the Supporting information. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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barriers [29]. Pyrolysis of UDMHy showed unimolecular reactions
to dominate, followed by radical cleavages at rather low tem-
peratures (T50420 °C). Adduct formation and CH4 elimination
were found in the presence of TEGa. Direct N–N cleavage was
found to be unlikely. Relatively high dissociation efficiency was
shown even at low temperatures [30].
Since the surface reactivity has been studied already, we will
focus instead on the gas phase characteristics here, as shown in
Fig. 1. The main reaction channels for UDMHy are shown in the
upper part, with reaction energies (in blue) and barriers (in red).
As proposed earlier from experimental investigations, CH4
abstraction exhibits the lowest barrier and the most favorable
thermodynamics. Further reaction to molecular N is possible from
the resulting intermediate. Other reaction channels (see Fig. 1
(a) and Tables S1 and S2 in the Supporting information) are also
exothermic at growth temperatures and small molecules con-
taining C result as products (CH4, C2H6, CH3) in the majority of
reactions. This is in line with the high C content of the films
deposited by using UDMHy.
The reaction network of DTBAA is shown in Fig. 1(b) and
exhibits very different characteristics. The reactions are generally
less exothermic and exhibit higher reaction barriers compared to
UDMHy. The kinetically most accessible decomposition reactions
for the reactant are β-hydrogen elimination, as shown before for
TBP and homologues [31], or an elimination of isobutane. Even
these reactions exhibit barriers of 256.9–266.1 kJ mol1 at
T¼400 °C (Fig. 1(b)). If the growth temperature is high enough to
overcome such a barrier, the resulting intermediate can decom-
pose via different channels to the N–As dimer. Notably, all
decomposition reactions of DTBAA result in bulky fragments
containing C, such as isobutene or isobutane, which are unlikely to
be incorporated during growth. From the full reaction catalogue
(see Tables S1 and S3 in the Supporting information), the only
reaction leading to a small C fragment – the β-methyl abstraction
reaction – is highly endergonic (263 kJ mol1 at 400 °C). As a side
note, the homolytic bond-breaking of the precursor is even more
endergonic for DTBAA (As–N bond) compared to UDMHy (N–
N bond).
The computational investigation of the gas phase reactivity
points towards a very small set of reactions accessible for DTBAA
in the kinetically limited regime. The β-hydrogen and isobutane
elimination reactions exhibit the lowest barriers and all possible
decomposition reactions lead to C fragments that are unlikely to
be incorporated into the surface during growth. In UDMHy, eva-
poration of N2 gas is a major source of N loss. Since DTBAA cannot
form N2 in an unimolecular reaction, this can be an important fact
influencing the N incorporation, as will also be supported by the
experimental findings discussed below.
5.2. MOVPE growth experiments
First evidence of N incorporation using DTBAAwas obtained for
all samples presented in this study by HRXRD. A diffraction pattern
is shown in Fig. 2 as an example. As the satellite peaks are very
prominent and the profile agrees well with the dynamical simu-
lation, the pattern indicates a high quality layer. All samples
shown in the following exhibit similarly well resolved diffraction
profiles. The diffraction patterns will not be shown for each sam-
ple, but rather the relevant parameters, such as N content and
growth rate, will be plotted.
Fig. 3(a) shows the N incorporation and growth rate in
dependence of TBAs partial pressure at constant temperature
(525 °C), constant TEGa partial pressure (5.43 103 mbar) and a
constant DTBAA flow of 1000 ml/min. The dependence between N
incorporation and TBAs partial pressure is linear and the highest N
incorporation was obtained without offering TBAs. Thus, we
conclude, on the one hand, that the N and As are both competing
for the same lattice site and the V/V ratio is crucial, as has already
been observed for the growth with the N precursor UDMHy
[10,12,15]. On the other hand, we see that DTBAA incorporates
both N and As. Furthermore, the TBAs variation had, as expected,
no effect on the growth rate. The AFM micrograph shown as an
inset in Fig. 3(a) is representative of most Ga(NAs) morphologies
observed in this study and reveals a high quality surface with
atomic steps. The spectroscopic investigation of the three samples
shown in Fig. 3(a) is presented in Fig. 3(b). As grown room tem-
perature PL is achieved for all samples grown using DTBAA, indi-
cating a good sample quality. Comparison between DTBAA and
UDMHy grown samples has revealed a similar FWHM and PL
intensity. The PL intensity increases with higher N incorporation
(lower TBAs partial pressure), probably due to better electron
confinement in the MQW for higher N concentrations. At this
point, the experiment with no TBAs shows the highest PL intensity
and the highest N incorporation. Hence, the experiments pre-
sented in the following were performed without offering TBAs
during Ga(NAs) growth to achieve a high N incorporation. All these
samples also exhibit high quality surfaces.
We concluded from Fig. 3 that the V/V ratio is crucial for the N
incorporation. As the N/As ratio in our molecule is fixed to unity,
one would assume that the variation of DTBAA flow has no strong
effect on the N incorporation. The results shown in Fig. 4(a) clearly
illustrate the opposite. By increasing the DTBAA flow at constant
temperature (525 °C), constant TEGa partial pressure (8.15
103 mbar) and without offering TBAs as a further As source, we
observe a linear increase in N incorporation. This might be caused
by a changing desorption rate of N or As with the changing DTBAA
offer. A reduced N desorption from the surface, for example, with
an increasing amount of DTBAA on the surface could explain the
findings. As the growth rate does not change, pre-reactions of the
DTBAA with the TEGa cannot be the explanation for the depen-
dence observed. This behavior might also highlight a way to
maximize the N incorporation in dilute nitride alloys. As pointed
out, the growth rate does not change with increasing DTBAA flows.
Using UDMHy, the growth rate decreases with increasing UDMHy
Fig. 2. An HRXRD pattern of a Ga(NAs) sample grown with TEGa and DTBAA is
shown as an example. The experimental profile is shown in black and the dyna-
mical simulation in red. (Tgrowth: 550 °C, Pp(TEGa): 8.15*10
3 mbar; Flow(DTBAA):
1000 ml/min.) (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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partial pressure due to the high amount of UDMHy in the gas
phase (up to 2%, i.e. partial pressures of 1 mbar) necessary to
achieve similar N concentrations, as shown here for DTBAA
[10,14,15]. Hence, we conclude that the gas phase is not domi-
nated by DTBAA in the experiments presented here. Indeed, it will
be estimated later that the N incorporation efficiency from DTBAA
is significantly larger than from UDMHy and, consequently, lower
partial pressures are needed for identical incorporation. The
spectroscopic investigation in Fig. 4(b) shows as grown RTPL and
an increasing PL intensity with higher N incorporation (higher
DTBAA flow).
The TEGa partial pressure was varied at a constant temperature
(525 °C), constant DTBAA flow (1000 ml/min) and without TBAs
offer to determine whether the N incorporation is dependent on
the growth rate. If N desorption was one of the main reasons
limiting the N incorporation, this should result in an increasing N
incorporation at increasing growth rates. One would expect a
decrease of N content with increasing growth rate for a constant N
sticking. Fig. 5(a) summarizes the results of the growth rate var-
iation. One can clearly see (in the TEGa partial pressure range
examined) no change in the N incorporation and a growth rate
that increases with TEGa partial pressure. Hence, the growth rate
has a negligible influence on N incorporation in GaAs using
DTBAA. However, from this dependence, one is also not able to
clarify whether N desorption or constant N sticking is the
mechanism governing the N incorporation, as the growth rate
characteristic does not support either explanation. This points,
regarding the results discussed in the context of Fig. 4, towards a
complex incorporation behavior where rates changing with tem-
perature and partial pressures might also play a major role.
Additionally, processes on the surface, which are certainly not in
equilibrium with the gas phase at our growth temperatures, might
play a decisive role. Fig. 5(b) shows a slight decrease of the as
grown PL intensity at the highest TEGa partial pressure. That may
be due to the fact that the As/Ga ratio decreases with a higher
Fig. 3. N incorporation (black data points, left axis) and growth rate (red data
points, right axis) as a function of TBAs partial pressure. The inset in (a) shows the
AFM micrograph of sample I. Similar good surface qualities were observed during
all experiments. (b) The as grown RTPL spectra are relating to the samples shown in
(a). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
Fig. 4. (a) N incorporation and growth rate as a function of DTBAA flow. (b) As
grown RTPL spectra of the samples shown in (a).
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TEGa offering and, consequently, the crystal quality if the As/Ga
falls under a certain critical value, which should be between 2 and
4 at the growth temperatures used here. The difference in the PL
peak position does not arise from different N concentrations, but
from slightly different layer thicknesses, hence, from quantization
effects.
A strong dependence of the Ga(NAs) composition on the
growth temperature would be expected, as Ga(NAs) is a meta-
stable material system and as all MO sources used are within their
kinetically limited regime for the temperature range under
investigation. For metastable materials, an increasing N con-
centration with increasing temperature would be anticipated.
However, as the equilibrium solubility of N at our growth tem-
peratures is in the range of 1014 N/cm3 [32], this effect can most
probably be neglected. Hence, N desorption from the surface,
decomposition of the MO sources and/or reactions of the MO
sources or of their fragments with each other, which all have
temperature-dependent rates, are expected to have the main
influence. The results of the growth temperature variation are
shown in Fig. 6. One can see in Fig. 6(a) that the N incorporation
decreases exponentially with increasing temperature, as it is also
observed for the conventional N precursor UDMHy [10,14,15]. The
growth rate increases linearly with temperature because of higher
decomposition of the Ga-precursor (TEGa) with increasing tem-
perature. Under the conditions used, we achieved a maximum N
incorporation of 4.2% N at 490 °C for Ga(NAs) growth with DTBAA.
This is very promising and might be increased when the flow or
pressure characteristics are changed during growth. The inset in
Fig. 6(a) shows an AFM micrograph of the sample with the highest
N concentration. One can see that the quality of the Ga(NAs) sur-
face has two to four atoms per step and, therefore, is still very
Fig. 5. (a) N incorporation and growth rate as a function of TEGa partial pressure.
(b) As grown RTPL spectra for the samples shown in (a).
Fig. 6. (a) N incorporation and growth rate as a function of growth temperature.
The inset shows an AFM micrograph of the sample with the highest N incorpora-
tion. In (b), the N incorporation is plotted as a function of the growth temperature
in an Arrhenius plot. UDMHy data (triangles) is given in addition to the DTBAA data
(squares). The slopes of the curves show apparent activation energies EA.
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good. Fig. 6(b) shows the N incorporation vs. temperature in an
Arrhenius plot. The data can be fitted with a line, having a slope
indicating an apparent activation energy (EA) for N incorporation
from DTBAA around 2.5 eV. In the same figure, UDMHy data points
from [14] are also included. The apparent activation energy for Ga
(NAs) growth using UDMHy amounts to roughly 1 eV. At the
present stage, we refrain from interpreting these differences, as
more growth conditions have to be exploited to have a larger
parameter set. However, it immediately becomes clear from these
results that more processes have to be taken into account than
“simple” N desorption from the surface. As discussed above, the
MO sources used are in their kinetically limited regime for the
growth temperatures used and there might also be reactions
between decomposition fragments, which have temperature-
dependent rates.
Fig. 7(a) depicts the result of the as grown RTPL investigations.
The PL peaks are at positions which we would expect from the N
content. Starting at an N incorporation above 1%, the PL intensity
decreases, due to higher disorder and defects in the crystal. The
same behavior has been observed using UDMHy. Fig. 7(b) shows
the energy gap concluded from PL measurements vs. N content
obtained from HRXRD and simulations. The black squares repre-
sent UDMHy data points. The black line depicts the bowing
behavior of the band gap independent of N incorporation using a
square fit to the data. The red circles represent the DTBAA samples.
The data obtained are in agreement with the reference data.
Hence, one can unambiguously conclude that N is incorporated
from the DTBAA source, as HRXRD shows tensile strain and the N
concentration derived from this strain fits the band gaps known
for Ga(NAs).
In order to investigate the crystalline quality of the samples
grown with DTBAA, a specific STEM structure was deposited
containing Ga(NAs) QWs grown under different conditions. As an
example, only one of these QWs will be discussed. Fig. 8(a) depicts
an ADF image obtained using optimized imaging conditions to
visualize the QWs containing N [26,27]. The three Ga(NAs) layers
are marked by arrows. The overview image already reveals smooth
interfaces and the absence of crystal defects. To prove this, the
interface between GaAs and the Ga(NAs) layer with 3.1% of N
(marked by the black square) is depicted in a higher magnification
in Fig. 8(b). The crystal exhibits a high quality and the interface
between the GaAs buffer and the QW containing N is well estab-
lished. This can be seen clearly from the intensity profile drawn as
a red line. The atomic resolution image acquired at the region
marked by the black square depicted in Fig. 8(c) proves a high
crystalline quality.
6. Estimation of the N incorporation efficiency
The vapor pressure of the chemicals has to be known in order
to estimate the N incorporation efficiency from different pre-
cursors. As the vapor pressure of DTBAA is not known exactly, we
first estimate it by a consumption calculation and afterwards
compare the N incorporation efficiency from DTBAA with that
from UDMHy. The DTBAA consumption for several experiments is
well known, as the bubbler can be weighed before and after the
growth experiments (C). As the hydrogen flow through the bub-
bler (Qs), the time the bubbler was used (t) and the pressure in the
bubbler (Pc), as well as, of course, the mole number of DTBAA is
known (Mmol), one can estimate the total consumption in grams
(C ¼ Q s:
Ps
PcPs
:
Mmol
Vmol
:t). From this calculation, the estimated vapor
pressure (Ps) of DTBAA is about 1 mbar at 20 °C. To compare the
efficiency of DTBAA with UDMHy, the N incorporation in two
structures grown under similar conditions has to be compared.
Therefore, a growth temperature of 500 °C was chosen, as this
is a typical dilute nitride growth temperature. The partial pressure
of the TEGa was set to 8.15 103 mbar in both cases. A pressure of
3.7 102 mbar (1000 ml/min at 20 °C and 200 mbar) DTBAA was
used for the DTBAA experiment, a pressure of 0.5 mbar UDMHy for
the UDMHy experiment. The partial pressure of the TBAs in the
UDMHy experiment was 5.43 102 mbar. No additional TBAs was
offered during the DTBAA experiment, however, the DTBAA
molecule itself offers one As atom per molecule to the surface. The
N incorporation into both samples turned out to be similar: 3.1%
for the sample grown with DTBAA and 3.3% for the sample grown
with UDMHy. If one assumes that only the N from the amine side
of the UDMHy is incorporated and not the N from the dimethy-
lamine side, this result leads to the conclusion that the DTBAA is
nearly a factor of 13 more efficient with respect to N incorporation
Fig. 7. (a) The as grown RTPL spectra of the samples discussed in the context of
Fig. 6 (growth temperature variation), (b) depicts the band gaps (RTPL peak posi-
tion) of all DTBAA grown samples (red circles) in comparison to several UDMHy
grown samples (black squares). The excellent agreement between data from two
different precursors, furthermore, proves the N incorporation from the DTBAA. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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than the UDMHy. This is, of course, only a crude estimate, as the N
fraction in samples grown with DTBAA can be increased by
increasing the partial pressure of the molecule in the reactor,
which increases the As partial pressure at the same time. Similar
experiments using UDMHy and TBAs would yield no N increase.
This estimate, however, also shows the large potential behind the
DTBAA as an N precursor for low temperature dilute nitride gro-
wth. Naturally, a possible origin of this by about an order of
magnitude increased the incorporation efficiency of N using
DTBAA could be the lack of the N2 desorption channel, which is
present for UDMHy, as discussed previously. Certainly, mechan-
isms as discussed in the context of Fig. 4 might also have an impact
on the efficiency: if the desorption of N can be controlled by the
amount of DTBAA present on the surface, which does not seem to
be possible for UDMHy, the molecular structure of the DTBAA
might play a large role in explaining the observations. In addition,
larger molecule fragments, sticking to the surface at low growth
temperatures, might play a role. Of course, future growth experi-
ments will explore a wider parameter range and are intended to
clarify the complex incorporation characteristics. In addition, SIMS
(secondary ion mass spectrometry) measurements of samples
grown with UDMHy and DTBAA are planned to compare the C
levels in dilute nitrides grown with the different precursors.
7. Summary
With this work, we introduced the NMOVPE precursor DTBAA (di-
tertiary-butyl-arsano-amine) and presented a systematic investigation
of the N incorporation behavior from DTBAA into GaAs. We were able
to prove by HRXRD and as grown PL measurements that significant N
incorporation takes place, while having good structural and optoe-
lectronic properties.
In some respects, the N incorporation characteristics are similar to
the ones known for UDMHy. Exemplarily, there is a clear competition
between As from TBAs and the N for the group V lattice sites. Addi-
tionally, there is no dependence of the N incorporation on the growth
rate observed. The N incorporation decreases with higher tem-
perature.
For growth with DTBAA, Ga(NAs) crystal growth with good
structural and optoelectronic properties is, however, possible
without TBAs, as the DTBAA also supplies As.
Computational gas phase investigations show DTBAA to exhibit
high barriers for decomposition and the β-hydrogen and isobutane
elimination as the most probable channels for the reactant, which are
not possible for UDMHy. While DTBAA leads to large C fragments in
the gas phase, if it decomposes at all, UDMHy forms mainly methane
and ethane, as found previously. In contrast to UDMHy, DTBAA does
not provide an unimolecular reaction channel for the loss of N2, which
is a possible explanation for its N incorporation efficiency.
It is very interesting to note that the N incorporation from DTBAA
increases with its partial pressure, which is surprising, as this also
increases the As offer at the same time. Possible mechanisms for this
behavior have been discussed and might also be capable of explaining
the N incorporation efficiency from DTBAA, which is about an order of
magnitude larger than that from UDMHy. This is definitely very
promising for future studies using DTBAA.
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Dilute nitrogen (N) containing III/V semiconductors are promising candidates for solar cell and laser
applications. The N incorporation efficiency of 1,1-dimethylhydrazine (UMDHy) in metal organic vapor
phase epitaxy (MOVPE), however, happens to be only in the one percentage range and below. This leads
to an extremely high offer of UDMHy in the MOVPE reactor and, therefore, a drastic change in the growth
conditions. Furthermore, the device efficiency of dilute nitride materials is currently hampered by carbon
(C) incorporation, which is believed to be incorporated either jointly with the N from the dimethylamine
radical of the UMDHy or from short hydrocarbon radicals originating from the decomposition of the
other metal organics. Therefore, this work presents a novel N precursor N,N'-Bis(dimethylamino)acet-
amidinato-galliumdihydride [Ga(bdma)H2], which provides not only N but also gallium (Ga) during
MOVPE. The direct NGa bond in this molecule might facilitate the N incorporation and hence increase
the efficiency. For a systematic N incorporation study Ga(NAs)/GaAs heterostructures were grown by
MOVPE. The N content was determined via high resolution X-ray diffraction and photoluminescence (PL)
studies. Good structural quality and as grown room temperature PL were obtained. It will be also shown
that the N incorporation efficiency in GaAs using [Ga(bdma)H2] is significantly higher than for growths
using UDMHy under comparable conditions, making this class of molecules promising candidates for the
growth of dilute nitride materials.
& 2016 Published by Elsevier B.V.
1. Introduction
Nitrogen (N) containing semiconductors, such as Ga(NAs) and
(GaIn)(NAs), open up new possibilities for laser and solar cell ap-
plications. The strong band gap reduction when adding small
amounts of NGaAs is described, for example, by the band anti
crossing model, changes the crystal's characteristics drastically. For
1% N in GaAs one observes a band gap reduction up to 180 meV
and due to the small size of N, tensile strain is added to the ma-
terial [14]. In quaternary materials, one can hence adjust the
band gap and lattice constant independently. Therefore, this kind
of materials is very interesting for solar cell and laser applications
[514].
There are, however, several challenges associated with the
metal organic vapor phase epitaxy (MOVPE) growth of these ma-
terials. The N incorporation efficiencies from UDMHy (1,1-Di-
methylhydrazine), which is the commonly used precursor for di-
lute N growth, are in the order of only one percent and below [11].
Therefore, extremely large UDMHy overpressures have to be
applied in order to incorporate a sufficient amount of N. This, in
turn, affects several other growth conditions, like the growth rate
[15,16].
Another severe drawback of dilute N containing semi-
conductors grown by MOVPE is the unintentional carbon
(C) incorporation into the material. C incorporation leads for ex-
ample to higher threshold current densities in (GaIn)(NAs) lasers
[14] and lower minority carrier diffusion lengths in (GaIn)(NAs)
solar cells [5,6]. Two reasons for unintentional C incorporation in
dilute nitrides are discussed in literature. Either the C arises from
the dimethylamine radical of the conventionally used N precursor
UDMHy, and/or the N is so strongly C affine that it binds to hy-
drocarbon radicals, which result from the decomposition of the
other metal organic precursors such as tertiarybutylarsine (TBAs),
triethylgallium (TEGa) or trimethylindium (TMIn) on the surface
and consequently, C is simultaneously incorporated with N into
the crystal. Smaller radicals - such as methyl and ethyl  are in-
corporated easily, whereas propyl and butyl are probably hindered
sterically.
Therefore, novel liquid precursors with a different molecular
structure, some of them with larger alkyl groups (e.g. tertiarybutyl
hydrazine, TBHy) and some without a direct CN bond (ditertiar-
ybutylarsanoamine, DTBAA), have been synthesized to alter
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incorporation characteristics [1720]. When designing the pre-
cursors, a sufficient vapor pressure is mandatory. Moreover, the
alkyl fragments of the precursors should be as large as propyl,
butyl or just substituted by hydrogen. On top of that, the pre-
cursors have to decompose at rather low temperatures around
500 °C, as this growth temperature is applied for the growth of
dilute nitride III/V semiconductors due to the metastability of this
class of alloys.
This paper will present a systematical investigation of dilute
nitride growth using a new N precursor with a direct NGa bond,
which is thought to facilitate N incorporation, N,N'-Bis(dimethy-
lamino)acetamidinato-galliumdihydride:[Ga(bdma)H2]. The va-
lence formula of the molecule is shown in Fig. 1. This molecule
consists out of a 5-membered ring system, which contains three
out of four N atoms. Due to the UDMHy based ligand system each
N atom is neighbored by at least one C atom. We assume, that the
amidic covalently bound N4 atom is going to be incorporated into
the crystal, as the GaN1 bond is weak due to the donor-acceptor
character, this part is going to be cleaved off and therefore prob-
ably desorbs easily. A closer look to the molecular structure shows
that the N1N2 single bond is less stable and labile due to the
extended bond length. The instability of the C3N4 bond is related
to the stabilization of the generated radical and can cleave easily.
This molecule still has two methyl groups attached to the N5 atom
(circled part in Fig. 1), which might result in a high C incorpora-
tion. But due to affordable educts and a rather easy up scaling of
the synthetization as well as purifying, this molecule was the first
choice to work with. In order to evaluate guidelines of carbon
versus nitrogen uptake, we performed detailed incorporation
studies to investigate the N incorporation using [Ga(bdma)H2] so
that the effort for the synthesis of more advanced molecules of the
same class, without any dimethylamino groups, can be justified
based on these results. To cover the parameter space in our in-
vestigations, the growth temperature as well as the TEGa, TBAs
and [Ga(bdma)H2] partial pressures have been varied. This may
also help to understand the N incorporation from different N
precursors, which has been shown to exhibit highly different
characteristics [20].
2. Experimental Part
2.1. Growth and characterization of the Ga(NAs) layers
Ga(NAs) test structures were grown on semi-insulating exact
GaAs (001) substrates in an Aixtron AIX 200 reactor equipped with
an infrared heated horizontal reactor. To ensure homogeneity the
substrate is rotating using the gas foil rotation technique (approx.
60 rpm). For all experiments the reactor pressure was held con-
stant at 50 mbar under a total flow of 6800 sccm palladium pur-
ified hydrogen carrier gas.
A GaAs buffer layer (approx. 250 nm thick) - grown at 625 °C
before each experiment - provides a high quality surface for on-
going growth. To prevent As desorption, the samples have been
TBAs stabilized during temperature variations between buffer and
layer growth. A multi quantum well (MQW) structure, consisting
of five GaAs (10 nm) and Ga(NAs) (1020 nm) layers, was grown at
temperatures of 475550 °C. For detailed understanding of the N
incorporation behavior, growth temperature, TEGa and TBAs par-
tial pressures as well as [Ga(bdma)H2] offer have been varied. Due
to the unknown [Ga(bdma)H2] vapor pressure, the offer of the new
precursor will be represented in ml/min at a source pressure of
200 mbar and 20 °C source temperature. In a later section, a vapor
pressure estimation of the [Ga(bdma)H2] will be given based on its
consumption during growth.
N incorporation and layer thickness were investigated via high
resolution X-ray diffraction (HRXRD) in a Panalytical XPert Pro
diffractometer with an incident wavelength of 0.15405 nm (Cu
Kα1). The diffraction around the (004) reflection was measured
and simulated with the X'Pert Epitaxy software. Room tempera-
ture photoluminescence (RTPL) was used to characterize the op-
tical properties. Therefore, the 514 nm line of an argon-ion laser
was used for sample excitation. The signal was dispersed with a
THR 1000, Jobin-Yvon monochromator and was detected in a li-
quid N2 cooled germanium detector. To investigate the morphol-
ogy of the ternary material with a Nanoscope IIIa tapping mode
atomic force microscope (AFM), no GaAs cap was grown on the
last Ga(NAs) layer. Instead, the sample was cooled down to 350 °C
under TBAs stabilization.
3. Results and discussion
This work is organized as follows: We will show a systematic
investigation of the dependence of the N incorporation - obtained
by HRXRD - in GaAs on temperature, [Ga(bdma)H2] flow, TEGa
partial pressure, growth rate and TBAs partial pressure. The as
grown optical characteristics of different samples will be pre-
sented, followed by a secondary ion mass spectrometry (SIMS)
study. Finally, an estimation of the N incorporation efficiency from
[Ga(bdma)H2] compared to UDMHy will be given showing the
potential of this class of molecules for dilute nitride growth.
3.1. MOVPE growth experiments
Fig. 2(a) shows the N incorporation as well as the growth rate
of Ga(NAs) MQWs at a constant TEGa and TBAs partial pressure of
8.15103 mbar and a [Ga(bdma)H2] flow of 500 ml/min in de-
pendence on the growth temperature. Similar to Ga(NAs) growth
with UDMHy one observes an exponentially decreasing N in-
corporation with increasing growth temperature [11]. A decreasing
N sticking coefficient at the surface with higher temperature is
believed to be the reason for that behavior. As group III atoms are
the driving force for growth rate, the observed increase of the
growth rate with increasing temperature is explained with more
efficient TEGa as well as [Ga(bdma)H2] decomposition. It should
be noted here, that [Ga(bdma)H2] might also contribute to the
growth rate, as it also contains Ga. The AFM shows improving
surface quality with higher growth temperature (lower N content),
with an RMS roughness ranging from 0.46 nm at 475 °C to an RMS
roughness of 0.19 nm at 550 °C. Fig. 2(b) shows the associated
RTPL measurements of the samples presented in (a). In these
growth temperature regions, one associates a lower PL intensity
with lower growth temperature, due to lower crystal quality. It is,
Fig. 1. Molecular structure of [Ga(bdma)H2].
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however, also expected that for small amounts of N the PL in-
tensity increases with increasing N content due to improved
electron confinement and decreases again with higher N in-
corporation due to the formation of N related defects. Here, we
observe a PL intensity decrease for N contents higher than 0.5%.
For the sample grown at 475 °C (1.5% N) no RTPL-peak was ob-
served. As discussed above, these trends might be overlaid by a
dependence of the crystal quality on the growth temperature,
which was varied here. It is, however, remarkable that RTPL is
observed for dilute nitride alloys grown using a novel precursor
without further optimization of the growth conditions and post
growth thermal annealing. Plotting the temperature dependence
of the N incorporation into an Arrhenius plot allows to determine
an apparent activation energy, which can be related to precursor
decomposition or N desorption etc. The Arrhenius plot in Fig. 2
(c) shows data from UDMHy, DTBAA and [Ga(bdma)H2]. If one
Fig. 2. (a) Temperature dependence of N incorporation including guides to the eye.
The N incorporation decreases with higher temperature. The growth rate changes
with temperature due to the higher precursor decomposition with higher tem-
peratures. AFM investigation show lower surface roughness with higher growth
temperature and lower N fractions. (b) PL intensity versus energy. RTPL is observed
up to 0.8% N content. (c) Apparent activation energies of UDMHy, DTBAA [20] and
[Ga(bdma)H2] in comparison. Relating these energies to the N desorption leads to
the assumption of increasing N incorporation efficiencies in with higher activation
energies.
Fig. 3. N incorporation in dependence of [Ga(bdma)H2] flow in two different
temperatures including guides to the eye. (a) N incorporation increases with higher
[Ga(bdma)H2] offer. A higher growth rate is also observed. Therefore, not only N is
incorporated, but also Ga. Surface quality decreases with higher [Ga(bdma)H2] offer
due to lower As/III ratio. (b) RTPL measurements for 500 °C and 525 °C grown Ga
(NAs) show a decrease of PL intensity with higher N incorporation and lower
growth temperature.
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relates the data to N desorption, as already done in [20], a higher N
incorporation efficiency using [Ga(bdma)H2] is concluded.
In Fig. 3(a) the offer of [Ga(bdma)H2] was varied at constant
TEGa and TBAs partial pressures of 8.15103 mbar for two dif-
ferent growth temperatures (500 and 525 °C). As already shown in
Fig. 2(a) more N is incorporated at lower growth temperature.
Furthermore, the N incorporation increases with higher [Ga(bdma)
H2] flow for both temperatures, as more N is offered for in-
corporation. Moreover, we observe an increase in growth rate with
increasing [Ga(bdma)H2] flow. This has been expected, as [Ga
(bdma)H2] also provides Ga. For no [Ga(bdma)H2] we observe a
similar growth rate as for the sample with a [Ga(bdma)H2] flow of
500 ml/min. This will be discussed in detail in the next section.
The AFM micrographs in Fig. 3(a) show a slightly increasing sur-
face roughness with higher [Ga(bdma)H2] flow and higher N
content. The RTPL spectra in Fig. 3(b) show a decrease of PL in-
tensity with higher N incorporation (higher [Ga(bdma)H2] flow)
for both temperatures, which is probably also linked to either a
critical As/III or increasing N content. As one can see, the samples
grown at higher temperature exhibit a higher PL intensity in
general, underpinning that the crystal quality improves with in-
creasing growth temperature.
To examine the competition between the Ga supplied from [Ga
(bdma)H2] and TEGa, TEGa variation experiments were carried
out. Fig. 4(a) shows the N incorporation in dependence on TEGa
partial pressure. One clearly observes a decrease of N incorpora-
tion with higher TEGa partial pressure, which indicates that the
TEGa is competing with the [Ga(bdma)H2], from which the N is
incorporated together with the Ga. Another possible explanation
would be a constant sticking of N on the growth surface, which
would also lead to a lower N incorporation with higher growth
rate. But in that case, one would assume halved N incorporation
for doubled growth rate, which was not observed. Results dis-
cussed in the context of Fig. 5 also support the assumption that
TEGa and [Ga(bdma)H2] compete on the surface. It should be
highlighted that growth without TEGa is not only possible, but also
results in the highest N incorporation. This underpins that [Ga
(bdma)H2] could also be used as a single source precursor. Using
[Ga(bdma)H2] as single source precursor, the N content should be
adjusted by the temperature and the [Ga(bdma)H2] flow as well as
the TEGa/[Ga(bdma)H2] ratio. Investigations of the surface mor-
phology reveal a smooth surface with atomic steps for the Ga(NAs)
growth without TEGa. Additional TEGa leads to less N incorpora-
tion and rougher surfaces. Here we see that the surface quality
decreases with higher Ga supply even for decreasing N content.
Based on that, we assume low As/III ratios to be the reason for
surface roughness. The increase of the growth rate in Fig. 4 is not
as high as it would be expected for an additive growth rate be-
havior of both Ga supplying precursors. For GaAs growth at 525 °C
at a TEGa partial pressure of 1102 mbar a growth rate of
0.56 nm/s is observed in our reactor. Starting at a growth rate of
approximately 0.5 nm/s with [Ga(bdma)H2] only (500 ml/min),
one would assume a total growth rate of roughly 1 nm/s when
flowing TEGa at partial pressure of 1102 mbar additionally.
However, a growth rate increase of only about 3040% of the ex-
pected value is observed. That again indicates a competition of
TEGa and [Ga(bdma)H2] probably on the surface, which we have
already concluded from the drop in N incorporation when adding
TEGa. If we assume that the decomposition of the precursors
mainly takes place at the surface at the low growth temperatures
used here, a higher partial pressure of TEGa would lead to a higher
TEGa coverage. Consequently, less surface sites are available for
[Ga(bdma)H2] and therefore less Ga from [Ga(bdma)H2] and with
that also less N is incorporated in the growing crystal. RTPL
measurements in Fig. 4(b) show decreasing PL intensity with
higher N incorporation, which is probably linked to the decreasing
crystal quality with decreasing As/III ratio and N related defects.
In the next step the gas phase ratios of the precursors were
kept constant, but the partial pressure of each precursor was
varied by the same factor. In Fig. 5(a) the results are represented in
square data points. For comparison the data points of Fig. 4(a) are
also plotted into the same graph (stars). One can see that no
growth rate dependence of the N incorporation can be observed if
we increase the entire gas phase by a factor of 1.8. However, if only
TEGa is increased, the N incorporation drops due to TEGa and [Ga
(bdma)H2] surface competition as discussed before. AFM mea-
surements show almost no change of the morphology. These re-
sults confirm that the N incorporation using [Ga(bdma)H2] is also
controlled by the TEGa/[Ga(bdma)H2] ratio. RTPL measurements in
Fig. 5(b) show a slightly higher PL intensity of the Ga(NAs) layer
with higher growth rate, but a lower PL intensity of the barrier.
The N incorporation using conventional N precursor UDMHy
depends linearly on the V/V ratio, due to the competition of As and
N for the same lattice site. In Fig. 6(a) we can see the N
Fig. 4. Variation of TEGa with fixed TBAs and [Ga(bdma)H2] including guides to the
eye. (a) N incorporation decreases with higher TEGa offer. Therefore a surface
competition between [Ga(bdma)H2] and TEGa has to take place, as probably less
[Ga(bdma)H2] arrives at the surface and therefore provides less Ga and N. AFM
investigations show a surface with atomic steps at growth conditions without
TEGa. (b) PL intensity decreases with higher N incorporation.
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incorporation and growth rate dependence on the TBAs partial
pressure using [Ga(bdma)H2]. By doubling the TBAs offer from
4103 to 8103 mbar we observe almost no change in N in-
corporation. If one assumes an N incorporation which is pro-
portionally linked to the Ga incorporation from [Ga(bdma)H2] this
behavior is perspicuous. Furthermore, one can see an increase in
growth rate with higher TBAs. Usually the group III elements are
the driving force for growth rate if this V/III ratio exceeds 1. If the
V/III is close to 1, TBAs also influences the growth rate. This is an
indication for a V/III ratio close to 1, which has been used for the
experiments presented here, and a first hint for the partial pres-
sure and vapor pressure of [Ga(bdma)H2]. The AFM measurement
shows a decrease of the RMS roughness with higher TBAs partial
pressure, which goes in line with the assumption of a As/III ratio
close to 1. The growth with a TBAs partial pressure of
2103 mbar was not possible with a [Ga(bdma)H2] flow of
500 ml/min hinting to a V/III significantly o1. With the assump-
tion of a vapor pressure of 3 mbar, the partial pressure under these
experimental conditions would be roughly 5.5102 mbar.
4. SIMS investigation and N segregation
One sample was grown especially for SIMS investigations. In
Fig. 7(a) the results of the O, C and N investigations are presented.
The layers have all been grown with fixed TEGa and TBAs of
8.15103 mbar. At the same time the [Ga(bdma)H2] flow was
varied from 400 (layer 2) over 500 (layer 1 and 3) to 800 ml/min
(layer 4). The O incorporation stays below the detection level
throughout the whole sample. This is remarkable for a novel
precursor, which has been synthesized and purified for epitaxy for
the first time. The C incorporation however, increases with higher
N incorporation. This has been expected due to the CN bond still
present in the molecule. There is, however, also a peculiar C in-
corporation characteristic after the end of the growth of each di-
lute nitride layer. The C incorporation first increases after the
closure of the [Ga(bdma)H2] bubbler (marked with circles) and
only drops to the GaAs level after several tens of nanometers of
GaAs have been grown. Furthermore, this increase in C goes along
with a continued N incorporation (marked with arrows), however,
at a much lower level than during the dilute nitride growth.
Having a closer look at layer 2 (400 ml/min) and layer 4 (800 ml/
min) one observes that the plateau is significantly wider with
higher [Ga(bdma)H2] flow, so probably the overall offer of [Ga
(bdma)H2] leads to an increased N memory effect in the reactor.
Moreover, the N plateau shows that [Ga(bdma)H2] segregation in
to the GaAs layer has to take place. As the V/III ratio was close to
unity in our experiments, [Ga(bdma)H2] segregation might also be
affected by that. Further experiments varying V/III ratio will clarify
this behavior. By heating the sample up to 625 °C for optimal GaAs
cap growth (marked with square) the N content decreases, due to
desorption, abruptly. Fig. 7(b) presents the N and C incorporation
Fig. 5. Growth rate variation at fixed V/III ratio compared to results from Fig. 4
(constant TBAs and [Ga(bdma)H2], stars) including guides to the eye. (a) By holding
the V/III ratio constant, the growth rate increases with higher Ga offer, but N in-
corporation stays the same. (b) Slightly higher RT PL intensity with higher growth
rate.
Fig. 6. N incorporation vs. TBAs variation including guides to the eye. (a) The
growth rate increases with higher TBAs offer. That may hint to a critical As/III ratio.
Slightly increasing N incorporation in dependence of TBAs. AFM micrographs show
a smoother surface with higher TBAs.
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dependence of [Ga(bdma)H2] flow. One notices a higher N and C
incorporation with higher [Ga(bdma)H2] offer. The C incorporation
ranges in the 17th magnitude, which is comparable to the C in-
corporation in Ga(NAs) growth with UDMHy.
To verify the reliability of the HRXRD results and prove that N is
responsible for the QW signal, all peak positions of the PL mea-
surements were compared with the PL peak positions of UDMHy
grown Ga(NAs) bulk samples having similar N contents. Fig. 8
shows a plot of PL peak position and N incorporation determined
by HRXRD. The good agreement of the data underpins the accu-
racy and reliability of the HRXRD simulations and proves the N
incorporation to the extent stated above using [Ga(bdma)H2] as N
precursor. As the test structures have been 5 QW's, some of the [Ga
(bdma)H2] data lie slightly above the UDMHy values, which can be
explained by the quantization effect.
After the first experimental session the bubbler was examined
for intrinsic decomposition of the precursor. NMR measurements
showed no decomposition of the molecule. During bubbler ex-
change, however, some [Ga(bdma)H2] remains on the bubbler
connections were observed, which have to be investigated in de-
tail in future experiments.
5. Estimation of the N incorporation efficiency
For comparison of the N incorporation efficiency one has to
know the vapor pressure of the used N precursor [Ga(bdma)H2]
and UDMHy. While it is known for UDMHy, the vapor pressure for
[Ga(bdma)H2] has to be determined. Analogous to the estimation
of the vapor pressure of DTBAA in [20] we calculate the vapor
pressure of [Ga(bdma)H2]. The [Ga(bdma)H2] consumption (c) is
well known for several experiments, as the bubbler was weighted
before and after the experiments. Also the hydrogen flow through
the bubbler (Qs), usage of the bubbler in minutes (t) and the
bubbler pressure (Pc) are known. With the mol mass Mmol, the
total consumption in grams can be determined by =
−
c Q ts
P
P P
M
V
s
c s
mol
mol
.
From that equation we estimate a vapor pressure of roughly
3 mbar for [Ga(bdma)H2] at 20 °C.
For the comparison of N incorporation between UDMHy and
[Ga(bdma)H2] two samples with similar N content grown at
525 °C with UDMHy and [Ga(bdma)H2] have been compared. The
partial pressure of TBAs was approx. 8.2103 mbar and the [Ga
(bdma)H2] flow was 500 ml/min (5.510
2 mbar). The TEGa in
the UDMHy grown samples was fixed to 8.15103 mbar with a
TBAs partial pressure of 5.43102 mbar and UDMHy of
0.194 mbar. By norming the consumption to the growth rate, we
estimate a roughly 5 times higher N incorporation efficiency with
[Ga(bdma)H2] than with UDMHy. Of course, this is only a fairly
crude estimation, as we have seen that dilute nitride growth using
[Ga(bdma)H2] is influenced also by the TEGa/[Ga(bdma)H2] ratio.
This estimate, however, shows that N incorporation using the
novel precursor can be significantly more efficient than using
UDMHy.
Fig. 7. SIMS measurement on a Ga(NAs) sample with four Ga(NAs) layers and GaAs
barriers (growth direction from right to left). (a) SIMS measurements show no O
incorporation during Ga(NAs) growth. C incorporates during Ga(NAs) growth and
does not stay constant during growth, but accumulates apparently at the end of
each Ga(NAs) layer (circles). N incorporation also shows some kind of accumulation
and segregation (arrows). Segregation of [Ga(bdma)H2] stops at 625 °C (square) and
therefore the N incorporation drops. (b) Plot of N/C incorporation versus [Ga(bdma)
H2] flow. One clearly sees the linear link between [Ga(bdma)H2] offer and N/C
incorporation.
Fig. 8. PL peak vs. N incorporation (HRXRD) plotted to verify the reliability of
HRXRD measurements. The small difference between [Ga(bdma)H2] and UDMHy is
due to the quantization effect.
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6. Summary
In this work we presented a systematic study of N incorpora-
tion behavior into GaAs utilizing the new N precursor [Ga(bdma)
H2]. N incorporation was determined by HRXRD and verified by as
grown RTPL. Ga(NAs) growth with [Ga(bdma)H2] showing good
structural and optical properties was achieved.
N incorporation in dependence on temperature behaves similar
for Ga(NAs) growth with [Ga(bdma)H2] and UDMHy which we link
to reduced N sticking at higher temperatures. Significant differ-
ences between [Ga(bdma)H2] and UDMHy have been observed
when varying the TEGa. The N incorporation, using the conven-
tional N precursor UDMHy, is controlled by the UDMHy/TBAs ratio
due to the competition of As and N for the same lattice site. [Ga
(bdma)H2] however, shows no such behavior for the TBAs partial
pressure range studied which indicates a totally different in-
corporation behavior of [Ga(bdma)H2] in comparison to UDMHy.
The N incorporation of [Ga(bdma)H2] can be controlled with TEGa/
[Ga(bdma)H2] ratio, whereas N incorporation is not affected by
TEGa variation in Ga(NAs) growth with UDMHy. This can be ex-
plained with Ga source (TEGa and [Ga(bdma)H2]) competition on
the surface. In addition to N the new precursor also incorporates
Ga. Therefore, no TEGa is needed for Ga(NAs) growth. It should be
noted that the samples without TEGa offer exhibit smooth surfaces
with atomic steps and also RTPL without applying post growth
annealing.
[Ga(bdma)H2] has a higher N incorporation efficiency in com-
parison to UDMHy and hence it is promising to further research
dilute nitride growth using this class of molecules. Of course, one
of the next steps will be to synthesize and test a molecule with a
similar structural motif, but not based on 1,1-dimethylhydrazine
without any N-methyl-units to also suppress the unintentional C
incorporation. Moreover, it might be interesting to study GaN
growth using [Ga(bdma)H2].
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1,1-dimethylhydrazine (UDMHy) has an extremely low N incorporation efficiency in GaAs
when grown using metal organic vapor phase epitaxy. Alloying Ga(NAs) with Indium (In)
even leads to an exponential reduction of N incorporation. The huge amount of UDMHy
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material is still hampered by the large carbon incorporation, most probably originating
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di-tertiary-butyl-arsano-amine in combination with tri-ethyl-gallium and tri-methyl-indium.
We show an extremely high N incorporation efficiency in the In containing (GaIn)(NAs).
The (GaIn)(NAs) samples investigated in this study have been examined using high
resolution X-Ray diffraction, room temperature photoluminescence and atomic force
microscope measurements as well as secondary ion mass spectrometry.
The Authors contribution
My contribution to this work was the planning, executing and investigation of all samples
including MOVPE growth and HR-XRD, AFM as well as PL measurements. B. Ringler
synthesized the precursor, which was used for the growth of the (GaIn)(NAs) layers. All
co-authors helped to interpret the data for the publication which was written by me.
∗ Reprinted from Journal of Crystal Growth 467, 132-136 (2017), Copyright 2017, with permission from
Elsevier.
Contents lists available at ScienceDirect
Journal of Crystal Growth
journal homepage: www.elsevier.com/locate/jcrysgro
(GaIn)(NAs) growth using di-tertiary-butyl-arsano-amine (DTBAA)
E. Sterzera,⁎, B. Ringlerb, L. Nattermanna, A. Beyera, C. von Hänischb, W. Stolza, K. Volza
a Material Sciences Center and Faculty of Physics, Philipps-Universität Marburg, Germany
b Material Sciences Center and Faculty of Chemistry, Philipps-Universität Marburg, Germany
A R T I C L E I N F O
Communicated by T.F. Kuech
Keywords:
A3. Metalorganic chemical vapor deposition
B1. Nitrides
B2. Semiconducting III-V materials
B2. Semiconducting gallium arsenide
A B S T R A C T
III/V semiconductors containing small amounts of Nitrogen (N) are very interesting for a variety of
optoelectronic applications. Unfortunately, the conventionally used N precursor 1,1-dimethylhydrazine
(UDMHy) has an extremely low N incorporation efficiency in GaAs when grown using metal organic vapor
phase epitaxy. Alloying Ga(NAs) with Indium (In) even leads to an exponential reduction of N incorporation.
The huge amount of UDMHy in turn changes drastically the growth conditions. Furthermore, the application of
this material is still hampered by the large carbon incorporation, most probably originating from the metal
organic precursors. Hence, novel precursors for dilute nitride growth are needed. This paper will show (GaIn)
(NAs) growth studies with the novel precursor di-tertiary-butyl-arsano-amine in combination with tri-ethyl-
gallium and tri-methyl-indium. We show an extremely high N incorporation efficiency in the In containing
(GaIn)(NAs). The (GaIn)(NAs) samples investigated in this study have been examined using high resolution X-
Ray diffraction, room temperature photoluminescence and atomic force microscope measurements as well as
secondary ion mass spectrometry.
1. Introduction
Nitrogen (N) incorporation in GaAs is used to reduce the band gap
very strongly. An N content of only one percent reduces the band gap
up to 180 meV, which has been described by the band anti crossing
theory [15]. Dilute nitrides are therefore a promising tool for band
gap engineering. Moreover, the small covalent radius of N compared to
the other group V atoms allows an efficient reduction of the lattice
constant. The gallium indium nitride arsenide (GaIn)(NAs) material,
for instance, is discussed as the 1 eV layer in a four junction solar cell,
lattice matched to Ge substrates [613]. Conventionally, 1,1-dimethyl-
hydrazine (UMDHy) is used as N precursor in metal organic vapor
phase epitaxy (MOVPE) growth. UDMHy, however, shows an extre-
mely low N incorporation efficiency, which is even less when alloying
Ga(NAs) with In (from tri-methyl-indium (TMIn)) [14]. Moreover, the
best solar cells based on (GaIn)(NAs) as an 1 eV subcell were achieved
with molecular beam epitaxy (MBE) growth. This 1 eV solar cell also
contained up to 2% Sb. A similar growth of (GaIn)(NAsSb) is
unfortunately not possible using MOVPE and UDMHy, as a huge
excess of UDMHy has to be applied when In and Sb are incorporated in
the alloy [1522]. This makes the growth of high quality layers at a
certain point impossible. On top of that, the MOVPE grown dilute
nitride samples are still suffering from unintentional carbon (C)
incorporation, which increases strongly with high UDMHy partial
pressure, which is however necessary to incorporate sufficient N into
the material. This C incorporation is believed to reduce the solar cell
efficiency [13]. It is still unclear where exactly the C incorporation is
originating from. It stems either from the methyl part of the UDMHy or
from other alkyl groups like methyl or ethyl radicals from the other
metal organic precursors, which can bond to N on the surface and
therefore incorporate easily.
Recent results show a high N incorporation efficiency of the
molecule di-tertiary-butyl-arsano-amine (DTBAA) in Ga(NAs) [23].
To increase the understanding of DTBAA's incorporation nature and to
investigate its potential also for the quaternary layers, (GaIn)(NAs)
structures have been grown varying the growth conditions system-
atically.
In this paper we will present systematic growth experiments of
(GaIn)(NAs) using TEGa, TMIn and DTBAA. HRXRD, PL, as well as
AFM and SIMS will be shown. Moreover, we will also discuss the role of
TMIn in terms of C incorporation.
2. Growth and characterization of (GaIn)(NAs) layers
All samples have been grown in an Aixtron AIX 200 horizontal gas
foil rotation (GFR) reactor, heated by 6 halogen lamps. The reactor
pressure was held constant at 50 mbar (37.5 Torr) with a total flux of
6800 sccm Pd-purified hydrogen carrier gas. The exact GaAs (001)
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semi-insulating samples were rotated at 6070 rpm to ensure uniform
growth.
To provide a high quality surface for subsequent growth, the first
layer was a 250 nm thick GaAs buffer grown at 625 °C under optimized
conditions. The temperature change from 625 °C to 500 °C (growth
temperature of the dilute nitride alloy) was performed under TBAs
stabilization to prevent As desorption. Structures with five, up to 10 nm
thick, Ga(In)NAs quantum wells (QWs) and 15 nm thick GaAs barriers
have been grown, finishing with the last (5th) (GaIn)(NAs) QW to be
able to investigate the surface of the layer of interest. The samples were
cooled to 350 °C under tertiary-butyl-arsine (TBAs) stabilization. All
ternary and quaternary dilute nitride layers have been grown without
TBAs, which was however used for growth of the GaAs barriers and
buffer layer. Tri-ethyl-gallium (TEGa) and TMIn have been used as
group III precursors. DTBAA was used as N as well as As precursor for
the dilute nitride QW growth. Reference (GaIn)As samples with the
same TEGa/TMIn ratio as in the (GaIn)(NAs) material have been
grown in order to estimate the In incorporation in the quaternary
material. With the assumption that the In incorporation is identical in
the ternary and in the quaternary material, the high resolution X-ray
diffraction (HRXRD) patterns have been simulated to obtain the N
content. Room temperature photo luminescence (PL) measurements
were undertaken to confirm that the so-derived N and In contents are
plausible. The composition has also been verified via secondary ion
mass spectrometry (SIMS) for one growth condition. (GaIn)(NAs)
growth experiments were performed at a constant temperature of
500 °C, constant TEGa (8.15×10−3 mbar) and DTBAA
(3.72×10−2 mbar) partial pressure, varying the TMIn partial pressure
from 0.568×10−3 to 2.27×10−3 mbar linearly in four steps, one value
for each sample growth.
The growth rate and strain of the layers have been determined by
high resolution X-ray diffraction (HRXRD) using a Panalytical XPert
Pro system using the Cu Kα1 wavelength (0.15405 Å). Diffraction
patterns around the (004) GaAs reflection were obtained and simulated
with the XPert Epitaxy software. There is an infinite number of
possible composition solutions for a quaternary material if only the
strain of the layer is taken into account. Hence, not only HRXRD, but
also PL was used to estimate the composition.
To investigate the optical properties, the samples have been excited
at room temperature with the 512 nm line of an argon ion laser
(100 mW with 163 µm FWHM). A liquid N2 cooled Ge detector with
standard lock-in technique was used to collect the signal which was
dispersed with a 1 m grating monochromator (THR 1000, Jobin-Yvon).
All samples shown have been annealed after growth in a Jipelec
JetFirst 200 C Rapid Thermal Annealer (RTA) at 700 °C for 10 s.
A Nanoscope IIIa atomic force microscope was used to investigate
the surface morphology (in tapping mode).
A specific sample for SIMS analysis has also been grown, containing
both a Ga(NAs) and (GaIn)(NAs) layer, to determine the oxygen (O), C,
N and In incorporation.
3. Results and discussion
In Fig. 1 HRXRD measurements of 6 samples are shown. Sample 1
was grown without TMIn, just with TEGa and DTBAA with partial
pressures of 8.151×10−3 and 3.72×10−2 mbar, respectively. The tern-
ary (GaIn)As sample (sample 6) was grown with the same TEGa partial
pressure and a TMIn partial pressure of 1.7×10−3 mbar. As no DTBAA
was supplied, TBAs with a partial pressure of 3.26×10−2 mbar had to
be applied for this sample. The (GaIn)(NAs) structures have subse-
quently been grown with different TMIn partial pressures. Starting
from sample 2 over samples 3, 4 and 5, the TMIn partial pressure was
increased from 0.568×10−3 mbar in 0.568×10−3 mbar steps up to
2.27×10−3 mbar. One clearly sees the strain changing from tensile to
compressive with higher TMIn input (Fig. 1). Sample 4 was grown with
the same TMIn partial pressure as sample 6 and with the same DTBAA
partial pressure as sample 1. By simulating the HRXRD pattern of
sample 4 with the assumption of an In incorporation (13% In)
independent from the N (and DTBAA), a good match was found for
an N content of 3.7% N. This means an increase in N incorporation in
(GaIn)(NAs) compared to the In-free Ga(NAs) case. The same is
observed for the other samples grown in this study. In Fig. 1(b) the
relative distance of the XRD layer envelope to the GaAs (004) peak is
plotted versus TMIn partial pressure. To prove that TMIn and DTBAA
incorporate independently, linear strain estimation for a combination
of samples 1 and 6 was done and is seen in Fig. 1(b) as a star. Sample
no. 4 reveals a strain which is close to the predicted one, proving a
linear combination of N and In incorporation using DTBAA and TMIn.
To verify the In and N contents, PL measurements have also been
performed. In Fig. 2 the PL-spectra of all six samples are plotted. If any
significant decrease in N incorporation happened, the PL-peak position
would shift to higher energies. Instead the PL-peak position shifts to lower
energy with higher TMIn input/incorporation supporting the assumption
of a linear combination of N and In incorporation. Fig. 2(b) shows the
shift of the PL-peak positions in dependence of the TMIn partial pressure
demonstrating the linearity of PL-peak position change.
Fig. 1. (a) HRXRD of Ga(NAs) (1), (GaIn)(NAs) (2−5) and (GaIn)As (6) with different
TMIn partial pressures. The sample no. 4 was grown with the same TEGa and TMIn
partial pressures as sample no. 6 and with the DTBAA partial pressure of the sample no.
1. (b) Angular position of the maximum of the envelope of the MQW peaks with respect
to the GaAs(004) substrate peak.
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At this point we assume an In incorporation independent of the N
(and the DTBAA), which was determined using ternary calibration
materials. From HRXRD simulations of the quaternary layers, the
corresponding N content is deduced then from the strain. The normal-
ized N content in Fig. 3 shows the behavior of (GaIn)(NAs) growth with
DTBAA in comparison to UDMHy. Whereas the N incorporation using
UDMHy decreases exponentially with increasing In content, DTBAA
grown samples even show an increase of N incorporation with
increasing In. This makes the N incorporation efficiency with DTBAA
even higher for (GaIn)(NAs) growth than for Ga(NAs) growth. Taking
into account that the N incorporation efficiency in Ga(NAs) from
DTBAA is roughly 10 times higher than UDMHy [23] the N incorpora-
tion efficiency in (GaIn)(NAs) solar cell material with a composition of
roughly 8% In and 3% N increases up to 40x compared to (GaIn)(NAs)
growth using UDMHy. MBE grown (GaIn)(NAs) samples show a
similar behavior concerning the N incorporation increase with higher
In content. Therefore we believe that the N incorporation increase
stems from lattice pulling [24]. The N incorporation drop in (GaIn)
(NAs) grown with UDMHy can be related to N/In (UDMHy/TMIn)
interaction in the gas phase or/and on the surface or to the UDMHy
decomposition charcteristics. As mentioned earlier, N incorporation in
MOVPE grown (GaIn)(NAs) samples suffer from extremely low N
incorporation in the quaternary material, probably due to the decom-
position path of UDMHy (mainly N2) and the In-induced N desorption
[14], making DTBAA a preferable N precursor for dilute nitrides,
especially for In containing dilute nitrides.
Fig. 4 shows the N and In incorporation dependence on the TMIn
partial pressure. Here we see the linear behavior of In incorporation as
well as the slightly increasing N incorporation. The growth rate seems
not to change up to a TMIn partial pressure of 1.5×10−3 mbar; after
that value the growth rate increases due to higher group III partial
pressure. The reasons for this behavior will be clarified in the future.
AFM measurements reveal a smooth surface with atomic steps with an
RMS value of 0.14 ((GaIn)(NAs)) and 0.16 (Ga(NAs)) nm.
Low O and C levels in compound semiconductors are key points in
terms of device efficiency. Therefore, a layer with a device favorable
composition (3% N and 8% In) was grown and investigated with SIMS.
Fig. 5 shows the SIMS depth profile for In, N, C and O in atoms/cm3. The
growth direction is from right to left. The sample contains two layers:
lattice matched (GaIn)(NAs) and a Ga(NAs) layer with 3% N which are
separated by roughly 150 nm GaAs. Unfortunately both layers contain a
fairly high amount of O which is around 3.5×1018 atoms/cm3. These high
O levels are a hint that the DTBAA, which has been synthesized only at the
laboratory scale and has not been purified sufficiently for this study, is still
a source of O. Similar O levels are not observed when growing dilute
nitrides using UDMHy. The purification by distillation in the lab is
therefore not sufficient to exclude all O. The C incorporation using DTBAA
has the same magnitude as the C incorporation in Ga(NAs) and (GaIn)
(NAs) layers grown with UDMHy (around 1018 atoms/cm3) [13].
However, as the DTBAA is not sufficiently purified, the C contamination
might also stem from impurities in the DTBAA. Hence, future studies will
include growth and SIMS characterization using purified DTBAA.
Fig. 2. (a) PL spectra of Ga(NAs), (GaIn)As and (GaIn)(NAs) (same samples as shown in
Fig. 1). (b) PL peak position dependence on TMIn partial pressure (black data points). As
the layer thickness was below 10 nm, quantization effects have to be taken into account
(red data points denote the bandgap position). The solid lines are guides to the eye only.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Fig. 3. N incorporation in (GaIn)(NAs) dependence on In concentration. The N
incorporation in (GaIn)(NAs) grown with UDMHy (black spheres: normalized to the
0% In layer, data taken from [15]) drops by 75% in comparison to pure Ga(NAs) when
alloyed with 8% In. The samples grown with DTBAA show a higher N incorporation when
adding In compared to the In-free sample (black squares: normalized to the 0% In layer;
red open squares: actual N incorporation in the layer). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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As soon as In is present, incorporation of N, C and O changes.
Fig. 5(b) shows the change in concentration depending on In incor-
poration. As mentioned previously and now proven by SIMS, the N
incorporation is increasing with higher In concentration. The O
incorporation increases similarly to the N incorporation, showing a
connection between N and O incorporation due to impurities in the
DTBAA precursor. The C incorporation, however, doubles with addi-
tional TMIn. This cannot only be explained by the impurity of DTBAA,
as the N and O incorporation increased only by roughly 1217%. As we
use TMIn for the growth of the quaternary material, additional methyl
radicals are supplied and can bond to N. Due to the strong NC bond
more C might be incorporated into the crystal. This means that also a
novel In precursor will be needed when aiming to minimize the C
content in dilute nitride alloys.
4. Summary and outlook
In this work systematic investigation of N and In incorporation in
GaAs using TEGa, TMIn and DTBAA has been presented. HRXRD, PL
and SIMS were used to obtain reliable information concerning the N
and In contents of the quaternary material. A linear change in the
strain with higher TMIn partial pressure, measured with HRXRD,
could arise either from increasing In incorporation or N incorporation
reduction. PL measurements showed a linear PL-peak shift towards
lower energies. This red shift can be explained by increasing In content
with higher TMIn without an N incorporation reduction in the
quaternary material. Furthermore, SIMS measurements even revealed
an increase in N incorporation when increasing the In content. The
result is an increase in the N incorporation efficiency from DTBAA vs.
UDMHy by up to a factor of 40 for a composition of (Ga0.92In0.08)
(As0.97N0.03). A similar N incorporation behavior was never before
observed in MOVPE growth using UDMHy. SIMS measurement also
revealed O and C incorporation, which are increasing with additional
In content. O is originating from the impurities in the new, laboratory
scale synthesized, N precursor DTBAA and is incorporating together
with N. C incorporation is increasing from Ga(NAs) to (GaIn)(NAs) by
a factor of two, showing that at least as much C is originating from
DTBAA as from TMIn. In future experiments (GaIn)(NAs) material will
be grown with purified DTBAA in order to prevent O and C incorpora-
tion originating from DTBAA. Moreover, novel In precursors will be
tested to examine the influence of the group III precursors on the C
incorporation. Using this material, 1 eV cells will be realized and
compared to existing UDMHy grown (GaIn)(NAs) cells. Furthermore,
N incorporation studies in combination with tri-methyl-antimony and
tri-ethyl-antimony will be performed on GaAs.
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Fig. 4. Summary of N (black triangles) and In (black squares) incorporation vs. TMIn
partial pressure. The growth rate for the samples is shown as red squares. The opened red
square represents the growth rate of the (GaIn)As sample with the same In content as
sample no. 4. The AFM micrographs of samples no. 1 and no. 5 are shown below the
graph. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
Fig. 5. (a) SIMS profiles for O, C, N and In in Ga(NAs) and (GaIn)(NAs) grown under
the same conditions expect for the addition of In to the quaternary layer and excluding
TBAs. (b) N, C and O incorporation change with In. (Arrows pointing towards
corresponding scale).
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Abstract
N containing lattice matched 1 eV materials, such as Ga(NAsSb) and (GaIn)(NAs), are
discussed as potential solar subcells in a four junction solar cell alongside Ge, GaAs, and
(GaIn)P, reaching theoretically conversion efficiencies of around 50%. The solar subcell
with the highest conversion efficiency, consisting of (GaIn)(NAsSb), was grown with
molecular beam epitaxy (MBE). The growth of Sb/N containing materials have always
been a challenge to metalorganic vapor phase epitaxy (MOVPE), as N incorporation
is hindered drastically by even small amounts of Sb if 1,1-dimethylhydrazine is used.
This strong N/Sb interaction was not observed by MBE, therefore gas phase reactions
in MOVPE are held responsible for the N incorporation drop. In this work we will
present a systematic study of Ga(NAsSb) on GaAs grown in MOVPE with the novel N/As
precursor di-tertiary-butyl-arsano-amine, as well as triethylgallium and triethylantimony.
The achieved 1 eV Ga(NAsSb) material opens up new possibilities for using MOVPE to
grow further solar subcells like (GaIn)(NAsSb) or Ga(NAsSb) in the band gap range of
1.0 - 1.1 eV.
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N containing lattice matched 1 eV materials, such as Ga(NAsSb) and (GaIn)(NAs),
are discussed as potential solar subcells in a four junction solar cell alongside Ge,
GaAs, and (GaIn)P, reaching theoretically conversion efficiencies of around 50 %. The
solar subcell with the highest conversion efficiency, consisting of (GaIn)(NAsSb), was
grown with molecular beam epitaxy (MBE). The growth of Sb/N containing materi-
als have always been a challenge to metalorganic vapor phase epitaxy (MOVPE),
as N incorporation is hindered drastically by even small amounts of Sb if 1,1-
dimethylhydrazine is used. This strong N/Sb interaction was not observed by MBE,
therefore gas phase reactions in MOVPE are held responsible for the N incorpora-
tion drop. In this work we will present a systematic study of Ga(NAsSb) on GaAs
grown in MOVPE with the novel N/As precursor di-tertiary-butyl-arsano-amine, as
well as triethylgallium and triethylantimony. The achieved 1 eV Ga(NAsSb) mate-
rial opens up new possibilities for using MOVPE to grow further solar subcells like
(GaIn)(NAsSb) or Ga(NAsSb) in the band gap range of 1.0 – 1.1 eV. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5034083
I. INTRODUCTION
Dilute nitrides (N), like (GaIn)(NAs) or Ga(NAsSb), are promising materials for use in various
applications. The small covalent radius of N in comparison to As has a large influence on the lattice
constant in a GaAs matrix. Furthermore, the strong band gap reduction of 120 - 180 meV/%N is
explained by the band anti crossing model.1–5 This strong influence on lattice constant and band
gap with rather small amounts of N makes the dilute nitrides a perfect candidate for band gap and
lattice constant engineering. In combination with a fourth element, one can tune the band gap and
lattice constant independently. For the growth of solar cells lattice matched to GaAs or Ge, one has
to reduce the strain in Ga(NAs). This can be realized by incorporating an atom with a larger covalent
radius than Ga or As. Additionally, the addition of these elements have to further reduce the band
gap in order to achieve the desired 1 eV material. Suitable elements would be either In (substituting
Ga) or Sb/Bi (substituting As). Accordingly, it is possible to achieve the 1 eV solar subcell with
(GaIn)(NAs), Ga(NAsSb), Ga(NAsBi) or a combination of these.6–15
In literature, Ga(NAsSb) and (GaIn)(NAsSb) materials have been reported as being lattice
matched to GaAs and showing a 1 eV band gap.16–23 All of these samples were obtained with molec-
ular beam epitaxy (MBE). The best multi junction solar cell efficiencies containing a 1 eV subcell
were achieved with a (GaIn)(NAsSb) solar subcell grown with MBE.23 In metalorganic vapor phase
epitaxy (MOVPE) dilute nitrides are grown conventionally with 1,1-dimethylhydrazine (UDMHy)
aE-Mail: eduard.sterzer@physik.uni-marburg.de
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in combination with tri(m)ethylgallium (TMGa, TEGa), tertiarybutylarsine (TBAs) (or Arsine), and
either trimethylindium (TMIn) or tri(m)ethylantimony (TMSb, TESb). Applying TEGa, TBAs, and
UDMHy, the N incorporation is strongly reduced when alloying with TMIn.24,25 This effect is even
stronger when alloying with TMSb or TESb instead of TMIn.26,27
So far, MOVPE growth of Sb in combination with N is very complex26–28 and no high quality
1 eV cell lattice matched to GaAs have been realized as of yet. This is related to the dramatic N
incorporation reduction when Ga(NAs) is alloyed with Sb. We recently presented the novel precursor
for As and N namely di-tertiary-butyl-arsano-amine (DTBAA).29 It not only provides N, which
incorporates 10 - 20 times more efficiently in GaAs in comparison to UDMHy, but also shows no
N incorporation decrease in (GaIn)(NAs) when grown with TEGa, TMIn, and DTBAA. This leads
to an increase in the N incorporation efficiency by up to 80 times in comparison to UDMHy.30 This
result has motivated us to study Ga(NAsSb) growth in order to realize a 1 eV solar subcell material
with MOVPE using DTBAA, TEGa, and TESb.
II. GROWTH AND CHARACTERIZATION OF Ga(NAsSb) LAYERS
All samples in this study were grown using an Aixtron AIX 200 GFR MOVPE machine with
a horizontal reactor heated by six infrared lamps. Palladium purified H2 was used as a carrier gas
for the conventional precursors like TEGa, TESb, and TBAs, as well as the novel As/N precursor
DTBAA. The reactor pressure was held constant at 50 mbar by a total gas flow of 6800 sccm. The
graphite block embedded in the quartz liner is designed for a 2” substrate, which can be rotated with
the gas foil rotation technique for homogeneous growth. To ensure a high quality GaAs surface, a
250 nm thick GaAs buffer was grown at 625 ◦C prior to each experiment. The layers of interest were
grown at either 475 ◦C, 500 ◦C, or 550 ◦C. The temperature steps from buffer growth (625 ◦C) to layer
growth were carried out in an ambient environment of TBAs to prevent As desorption. Roughly 10 nm
thick 5QW Ga(NAsSb) structures with a 20 nm thick GaAs barrier were grown, and finished with the
quaternary layer for a realistic surface roughness feedback. The Ga(NAsSb) layer was grown with
TEGa, TESb, and DTBAA. No TBAs was applied, as the DTBAA provides N and As simultaneously.
For the GaAs barrier growth however, TEGa and TBAs were used. Several techniques were applied
for detailed material investigation. High resolution X-ray diffraction (HRXRD) using a Panalytical
X’Pert Pro system with the Cu Kα1 wavelength (1.5405 Å) was utilized for strain as well as growth rate
determination. In order to do this, patterns around the (004) reflex were scanned and simulated with
the X’Pert Epitaxy software. A rapid thermal annealer (RTA), Jipelec JetFirst 200C, was used for post
growth heat treatment to decrease the defect density and increase the optical signal of the Ga(NAsSb)
material. Accordingly, samples were annealed for 10 seconds in the temperature range of 650 – 700 ◦C.
Room temperature photoluminescence spectroscopy (RT-PL) of annealed samples was performed to
determine the PL-peak position as well as PL-peak intensity. For the sample excitation a frequency
doubled Nd:YAG laser with a 532 nm line was used. Additionally, a liquid N2 cooled Ge detector in
combination with a standard lock-in technique was used to obtain the PL signal, which was dispersed
by a 1 m grating monochromator (THR 1000, Jobin-Yvon). With an atomic force microscope (AFM),
Nanoscope IIIa, surface morphology of the Ga(NAsSb) layer was investigated. Lattice matched
Ga(NAsSb) bulk layer of 140 nm thickness was investigated with secondary ion mass spectrometry
(SIMS) by RTG Mikroanalyse GmbH in Berlin, detecting oxygen (O), carbon (C), nitrogen (N) and
antimony (Sb). For scanning transmission electron microscopy (STEM) investigations cross-sectional
samples were prepared in the [010] crystallographic direction by first grinding and polishing with
a Multiprep System (Allied High Tech Systems) up to a thickness of approximately 40 µm for
investigation. The final preparation step was argon ion milling utilizing a Gatan precision polishing
system. Plasma cleaning (Plasma Cleaner Model 1020 Fischione Instruments) was applied for 2 min
to remove parasitic hydrocarbons. The STEM investigations were performed in a double-Cs corrected
JEOL JEM 2200 FS field emission STEM operating at 200 kV using the high angle annular dark
field (HAADF) technique.
For a quaternary material, HRXRD analysis gives an infinite combination of possible results.
Therefore, additional experimental investigations are needed to determine the composition. In our
case we correlated RT-PL of annealed samples with the strain obtained from HRXRD and compared to
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the composition of a selected sample by SIMS. For the estimation of the PL peak energy as a function
of the nitrogen and antimony contents, we apply the double-band anti crossing model suggested by
Lin et al.31 when taking into account the quantization effects and the shift of the conduction and
valence band edges due to the strain inherent in the studied QW structures.32,33
III. RESULTS AND DISCUSSION
First we will present the results at 500 ◦C, in particular the variation of the individual partial
pressures of TESb, DTBAA and TEGa as well as V/III variation and the impact on Sb and N incor-
poration. We will then discuss the surface roughness obtained by AFM for crystal quality analysis.
Furthermore, Ga(NAsSb) samples will be discussed grown in the temperature range of 475 – 550 ◦C.
Finally, we will present the 475 ◦C results including the near 1 eV Ga(NAsSb) structure. The trends
in each graph are indicated with guides to the eye.
The N and Sb incorporation versus TESb supply for two different DTBAA partial pressures
is depicted in Figure 1a). One can clearly see how the N incorporation decreases nonlinearly for a
given DTBAA supply when increasing TESb. The Sb incorporation itself, however, seems to increase
linearly for the lower DTBAA partial pressure. The Sb incorporation slope reduces drastically with
higher DTBAA supply. It is thus obvious that the Sb incorporation is strongly affected by the supplied
DTBAA, and therefore either the V/V or the V/III ratio. Figure 1b) shows the surface roughness on
the right and the growth rate on the left hand side. We observe a higher surface roughness for higher
TESb supply. This effect is more severe for higher DTBAA partial pressure. As the DTBAA provides
As and N at the same time, we have to clarify which effects lead to this Sb/N/As interaction. It is
known from pure Ga(AsSb) growth that the Sb incorporation is very sensitive to the As/Sb ratio,34
which we would increase in our case with higher DTBAA. Furthermore, the growth rate is decreasing
due to either higher TESb gas phase supply, higher Sb incorporation or Sb surfactant effect. This will
be discussed in the results of the V/V experiments depicted in figure 3a).
The DTBAA variation results are plotted in figure 2. As expected, increasing the DTBAA supply
leads to a higher N incorporation. However, as mentioned previously, Sb incorporation decreases with
additional DTBAA. The surface roughness increases drastically with higher DTBAA supply. Higher
FIG. 1. Plot of calculated N and Sb values in a) as well as growth rate and the RMS value of the surface roughness versus TESb
partial pressure in b). Higher TESb supply leads to linearly increasing Sb content and nonlinear decrease in N incorporation
for low DTBAA. Higher DTBAA reduces the Sb incorporation drastically. Growth rate decreases with higher TESb supply
or Sb incorporation. RMS value of the surface roughness increases with increasing TESb. (500 ◦C).
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FIG. 2. N/Sb incorporation growth rate and RMS value in dependence to DTBAA supply. Slight increase in growth rate with
higher DTBAA supply due to low V/III ratio and low growth temperature. Strong influence on the RMS value of the surface
roughness. Higher DTBAA leads to N incorporation increase and Sb incorporation decrease. (500 ◦C).
N concentration itself leads to a slightly worse surface quality; nevertheless, roughness values of
4 nm (RMS) cannot be explained by an N incorporation of around 2 %. As the Sb incorporation
decreases, Sb is either desorbing or segregating to the surface and causing defects during the growth,
thus, increasing the surface roughness. At low growth temperatures and V/III ratios, group V elements
also have an impact on growth rate. Therefore, a linear increase in growth rate is observed.
To understand whether the N/Sb incorporation processes or the gas phase ratio (either V/V or
V/III) is accountable for the N/Sb interaction, V/III ratio experiments are performed. Figure 3a) shows
results of an experiment with a constant DTBAA/TESb ratio of 9 and constant TEGa partial pressure
of 8.15E-3 mbar. The V/III ratio was varied by changing the DTBAA/TESb gas phase supply at a fixed
V/V ratio, thus, increasing the DTBAA and TESb supply by the same factor. This experiment reveals
FIG. 3. V/III variation with fixed TEGa and fixed V/V ratio (a): Increasing group V supply leads to decreasing Sb incorpo-
ration, increasing N incorporation, increasing growth rate and increasing RMS value for surface roughness. V/III variation
with fixed DTBAA and TESb (b): Higher TEGa supply reduces the V/III ratio, increases the growth rate, reduces the RMS
value of the surface roughness and increases the Sb incorporation drastically.
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that either the V/III ratio or the N incorporation process itself is responsible for the Sb incorporation
decrease and not the V/V ratio. With increasing V/III ratio, the N incorporation increases linearly.
Simultaneously, we observe an exponential decrease in the Sb incorporation together with a higher
surface roughness. For a fixed V/V ratio we observe competing behavior in N and Sb incorporation by
increasing all group V elements. Surprisingly, the growth rate increases despite a fixed TEGa supply.
As the Sb incorporation is simultaneously decreasing, interactions on the surface (e.g. different surface
reconstructions) may lead to a higher growth rate. At the same time the surface roughness is strongly
increased, leading to the assumption of a 3D growth.
If low V/III ratios allow for sufficient Sb incorporation, while high DTBAA partial pressures are
needed for N incorporation, varying TEGa may lead to an additional insight of N and Sb incorporation.
Furthermore, one can distinguish whether it is the N incorporation or the V/III ratio which has a huge
impact on the Sb incorporation. Therefore, the DTBAA and TESb supply were fixed while the TEGa
supply was varied. Increasing TEGa supply (thus, lowering the V/III ratio) leads to a higher growth
rate and slightly lower N incorporation as depicted in Figure 3b). The most important change is seen
in simultaneously higher Sb incorporation. Additionally, the surface roughness decreases with lower
V/III ratio (higher TEGa). The growth rate, however, does not double as we would expect by doubling
the TEGa supply.
In the end, the variation of TESb, DTBAA, and TEGa makes it possible to control the Sb and
N content. The challenge lies in finding the parameters as well as in understanding exactly which
parameters interact with each other. All of the data in this publication shows that low V/III ratios are
key for both a high quality surface as well as sufficient Sb incorporation for a given DTBAA partial
pressure.
Temperature dependent investigations can be seen in figure 4. Therefore, samples are grown
between 475 ◦C and 550 ◦C with a rather low V/III ratio of 2.5. One clearly sees how the N
incorporation decreases drastically with higher temperature. At the same time, the Sb incorpora-
tion increases. In ternary Ga(AsSb), however, Sb incorporation decreases with higher temperature.
This behavior shows that not only the gas phase ratios, but possibly both the N incorporation and tem-
perature, have a large influence on the Sb incorporation. One certainly cannot distinguish between
temperature induced precursor decomposition or temperature effect itself, but this gives us a fur-
ther technique for N and Sb incorporation control. Furthermore, higher temperatures increase the
growth rate by 35 %. This indicates that the effective V/III ratio changes with higher temper-
ature, leading to a lower V/III ratio (higher TEGa decomposition with higher temperature) and
therefore to a higher probability for Sb incorporation. As expected, almost no N incorporation
FIG. 4. Temperature variation: increasing temperature leads to lower N incorporation and higher Sb incorporation.
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FIG. 5. a) HRXRD measurement and AFM micrograph of almost lattice matched Ga(NAsSb) material. b) RT-PL of the RTA
annealed sample (650 ◦C, 10 s). The PL-peak position is around 1 eV.
is observed at high temperatures, underlining the need for low temperature growth for dilute
nitrides.
For a 1 eV lattice matched Ga(NAsSb) on GaAs material, concentrations of around 2.4 % N
and 6 % Sb are needed. To take into account both decreasing N incorporation with increasing Sb
supply and the sensitivity of Sb incorporation to the V/III ratio, an initial N incorporation of 3.2 %
in Ga(NAs) was chosen. These layers were realized at 475 ◦C with V/III ratio around 1.3 or below.
Afterwards, TESb was successively added, thus, increasing the V/III ratio up to 1.5. HRXRD pattern
as well as AFM micrograph of the lattice matched 1 eV Ga(NAsSb) bulk material grown with MOVPE
are shown in Figure 5a). The annealed sample was investigated with RT-PL. Figure 5b) shows the
PL spectrum with the PL peak position of 1.0 eV which corresponds to the Ga(NAsSb) band gap.
To verify the composition and to investigate the O and C incorporation, SIMS measurements were
obtained. SIMS results of the same lattice matched 1 eV structure are depicted in Figure 6. One can
clearly see the Sb concentration, which is higher than the N content. The calibrated SIMS data reveal
an Sb incorporation of around 5.5 % Sb and 2.2 % N with an relative error of 10 %. Unfortunately,
we also incorporated C in the 1018 atoms/cm3 range. Furthermore, unintentional O incorporation due
FIG. 6. SIMS measurement of the same sample as shown in figure 5. O incorporation stems from impurities in the DTBAA
precursor. Ethyl groups of the Ga and Sb precursor as well as low temperature might be the reason for the high C concentration.
The peaks highlighted with the cyan circle, occur due to regrowth of the Ga(NAsSb) sample with GaAs.
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FIG. 7. Overview STEM image of the Ga(NAsSb) layer (a) and a color coded intensity map (b).
to impurities contained in the novel As/N precursor DTBAA were observed in the 1017 atoms/cm3
range. This precursor was produced on laboratory scale, no sophisticated purification steps have been
applied to the synthesized precursor up to now. Furthermore, ethyl groups from the Ga and Sb source
might also lead to unintentional C incorporation. The highlighted peaks occur due to regrowth of the
Ga(NAsSb) sample with GaAs. Figure 7a) shows an overview image of the sample investigated by
STEM. Images have been acquired at comparably low detector angles (41 - 164 mrad) of the Annular
Dark Field (ADF) detector. Since N has a lower atomic number than the GaAs matrix and Sb has a
higher one, their influences partially compensate each other, therefore the Ga(NAsSb) layer does not
exhibit contrast in conventional high angle annular dark field images. The utilized low detector angles
are sensitive to the static atomic displacements introduced by N and Sb.35 Consequently, Ga(NAsSb)
appears brighter than GaAs. The intensity profile which is shown as inset in Figure 7a) suggests that
the lower interface between GaAs and Ga(NAsSb) is abrupt, whereas the upper interface is not quite
abrupt which indicates a segregation of Sb and which will be investigated in more detail in the future.
Figure 7b) shows the intensity map of the region selected in 7a) which has then been evaluated using
the method developed by T. Wegele et al.36 The evaluation shows the intensity fluctuation within
Ga(NAsSb) layer is not significantly higher than that in GaAs layer, indicating that Ga(NAsSb) layer
is also quite homogenous.
IV. SUMMARY AND OUTLOOK
In this work we presented the incorporation behavior of N and Sb in a Ga(NAsSb) material as
a function of V/III, V/V ratios, DTBAA, TESb partial pressures and growth temperature. HRXRD,
AFM, and RT-PL of annealed samples were used for the detailed characterization of the N and Sb
content, as well as for the growth rate and surface morphology. The obtained data shows that low
V/III values are favorable for simultaneously high N and Sb incorporation. Using this knowledge a
1 eV Ga(NAsSb) material lattice matched to GaAs was grown at 475 ◦C, which exhibited RT-PL after
annealing at 650 ◦C for 10 s. The high C incorporation originating from low growth temperatures and
possible hydro carbon groups can be decreased with higher growth temperatures. O incorporation is
believed to come from the impurities in the DTBAA, which can be solved by high quality purification
in the future. For the next stage in this research, a Ga(NAsSb) 1 eV solar cell device will be developed
to compare the results to existing MBE grown cells, as well as to MOVPE grown (GaIn)(NAs)
cells.
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List of abbreviations
AFM atomic force microscope
As arsenic
AsCl3 arsenic trichloride
AsH3 arsine
BAC band anti crossing
C carbon
Et2O diethyl ether
DTBAA di-tertiary-butyl arsano amine
DTBSbTBA di-tertiary-butyl antimony tertiary-butyl amine
ECV electrochemical capacitance voltage
EQE external quantum efficiency
fcc face centered cubic
FF fill factor
FWHM full width of half maximum
Ga gallium
GaAs gallium arsenide
Ga(AsSb) gallium arsenide antimonide
Ga(NAs) gallium nitride arsenide
(GaIn)(NAs) gallium indium nitride arsenide
(GaIn)As gallium indium arsenide
(GaIn)(NAs):Sb gallium indium nitride arsenide: antimony
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(GaIn)(NAsSb) gallium indium nitride arsenide antimonide
(GaIn)P gallium indium phosphide
Ga(NAsSb) gallium nitride arsenide antimonide
GaN gallium nitride
GaSb gallium antimonide
Ge germanium
GaP gallium phosphide
H hydrogen
h¯ reduced planck constant 6.582119514(40)x10´16 eV¨s
HR-XRD high resolution X-ray diffraction
In indium
InAs indium arsenide
InI3 indium(III) iodide
iPrCl iso-propyl chloride
iPrMgCl iso-propyl magnesium chloride
IQE internal quantum efficiency
k wave vector
ISC short circuit current
JSC short circuit current density
LASER light amplification by the stimulated emission of radiation
LED light emitting diode
LiCl lithium chloride
m‹ effective mass normed to m0
MBE molecular beam epitaxy
MFC mass flow controller
Mg magnesium
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MgClI magnesium chloride iodide
MO metal organic
MOVPE metalorganic vapor phase epitaxy
MPP maximum power point
N nitrogen
nButane normal-butane
nPentane normal-pentane
nBuLi normal-butyl lithium
NH3 ammonia
NH4Cl ammonium chloride
Ni nickel
O oxygen
PC pressure controller
PL photoluminescence
QW quantum well
RMS root mean square
RTA rapid thermal annealer
Sb antimony
Si silicon
SIMS secondary ion mass spectrometry
TBAs tertiary-butyl arsine
tBu tertiary-butyl
tBu2AsCl di-tertiary-butyl arsano chloride
tBuCl tertiary-butyl chloride
tBuMgCl tertiary-butyl magnesium chloride
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tBuNH2 tertiary-butyl amine
tBuNLi lithium tertiary-butyl amide
tBu2SbCl di-tertiary-butyl antimony chloride
TMGa tri-methyl gallium
TEGa tri-ethyl gallium
TESb tri-ethyl antimony
TIPIn tri-iso-propyl indium
TMIn tri-methyl indium
TMSb tri-methyl antimony
UDMHy 1,1-dimethylhydrazine
VOC open circuit voltage
WOC Egap/q - VOC
